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FOREWORD

This is the thirteenth in a series of semiannual technical progress reports on fusion reactor materials. This
report combines research and development activities which were previously reported separately in the following
progress reports:

. Alloy Developmentfor Irradiation Performance
. Damage Analysis and Fundamental Studies
. Special Purpose Materials

These activities are concerned principally with the effects of the neutronic and chemical environment on the
properties and performance of reactor materials; together they form one element of the overall materials programs
being conducted in support of the Magnetic Fusion Energy Program of the U.S. Department of Energy. The other
major element of the program is concerned with the interactions between reactor materials and the plasma and is
reported separately.

The Fusion Reactor Materials Program is a national effort involving several national laboratories,
universities, and industries. The purpose of this series of reports is to provide a working technical record for the
use of the program participants. and to provide a means of communicating the efforts of materials scientists to the
rest of the fusion community, both nationally and worldwide.

This report has been compiled and edited under the guidance of A. F. Rowcliffe, G. L. Burn, and S. S. Knee',
Oak Ridge National Laboratory. Their efforts, and the efforts of the many persons who made technical
contributions. are gratefully acknowledged. F. W. Wiffen, Reactor Technologies Branch, has responsibility within
DOE for the program reported on in this document.

R. Price, Chief
Reactor Technologies Branch
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CONTENTS
IRRADIATION FACILITIES, TEST MATRICES, AND EXPERIMENTALMETHODS ..................

BEAM-TARGET INTERACTIONIN AN ACCELERATOR-BASEDNEUTRON SOURCE FOR A FUSION
MATERIALSTEST FACILITY' ._A. Hassaneinand D. Smith (Argonne National Laboratory) .............

High-current linear-accelerators have increased the attractiveness of a deuterium-lithium neutron
source for fusion materials testing and evaluation. Detailed beam-target interaction and the resulting
energy deposited and the jet thermal response are analyzed. Issues relating to jet instabilities, nozzle
erosion rates, and the impact of thicker jets on the neutron spectrum at the testing area need further
analysis.

LIQUID LITHIUMTARGET DEVELOPMENT FOR AN ACCELERATOR-BASEDNEUTRON SOURCE' --
B.F. Picologlouand D.L. Smith (Argonne National Laboratory) ...........c.ciiiiiiiiiiii i,

A proposed high-flux high energy fusion materials irradiation facility uses a deuteron beam impinging
on a lithium target to produce neutrons with a spectrum that peaks around 14 MeV. The lithium target
consists of a jet of liquid lithium of appropriate thickness. The lithium target development activity is
examining the possibility of creating a stable planar free jet of desirable thermal hydraulic characteristics
through magnetohydrodynamic body forces created by a DC magnetic field.

CONCEPTUAL DESIGNS OF SUPERCONDUCTING ACCELERATORS FOR A FUSION MATERIALS
IRRADIATION FACILITY' -- R.B. Clare, JR. Delayen, and B.J. Micklich (Argonne National Laboratory) . ...

This research has been of a theoretical and analytical nature. We have investigated the dynamics of
high-current beams with the goal of identifying possible instabilities and their cures, and also the causes of
emittance growth and halo formation which would lead to activation of the accelerator. We have also done
conceptual designs of some of the critical components of the accelerator, and we have developed a model
for the control and stabilization of heavily beam loaded superconducting cavities.

NEUTRONICS ANALYSIS OF A D-LI NEUTRON SOURCE -- I. GOMES. Y. Gohar, and D. Smith (Argonne
NationalLaboratory) ... ... e e

Results from preliminary calculations for one beam and dual beam configurationsare presented. The
influence of the lithium target thickness on the neutron economy of the system has been addressed. The
nuclear responses induced by the neutron source has been calculated and a brief discussion about the
lack of evaluated nuclear cross section data above 20 MeV is presented.

THE INFLUENCE OF SPECIMEN SIZE ON MEASUREMENT OF THERMAL OR IRRADIATIONCREEP IN
PRESSURIZEDTUBES -- F.A. Garner and M.L. Hamilton, (Pacific Northwest Laboratory), R.J. Puigh.

C.R. Eiholzer and D.R. Duncan, (Westinghouse Hanford Company). M.B. Toloczko, (University of California)
and A.S. Kumar. (Universityof Missouri-Rolla) ........ ... e

Thin-walled pressurized tubes have been developed for measurement of thermal creep and
irradiation creep. Miniaturization of these tubes allows more tests to be conducted in the limited reactor
space available and decreases the impact of displacement rate gradients and temperature gradients.
Studies conducted on a variety of tube sizes show that, when specimen fabrication history and irradiation
conditions are controlled, miniaturizationcan be successfullyachieved and valid data produced

*Inadvertantly omitted from DOE/ER/12
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STATUS OF U.S./JAPAN COLLABORATIVE PROGRAM PHASE il HFIR TARGET CAPSULES -
J.E. Pawel and R.L. Senn (Oak Ridge National Laboratory)

A complete description and details of the design, construction, and installation of capsules JP-9
through JP-16 has been previously reported. The capsules were installed in the High Flux Isotope Reactor
(HFIR) target July 20, 1990 for irradiation beginning with HFIR fuel cycle 289. The capsules were removed
and stored in the reactor pool during HFIR cycle 292 (11/25/90 - 12/10/90) to provide room for required
isotope production. They were reinstalled for HFIR cycle 293 for continued irradiation. Of these eight
target capsules, JP-10, 11, 13, and 16 completed their scheduled number of cycles (11) and were removed
from the reactor in September 1991. In addition, JP-14 was removed from the reactor at the end of cycle
310 (9/18/92) after 21 cycles.

Three new capsules in this series, JP-20, 21, and 22, are currently being designed. These capsules
were added to the program in order to complete the experimental matrix included in the JP-9 through JP-
16 capsules. The new capsules will contain transmission electron microscope (TEM) disks and SS-3 flat
tensile specimens at 300-800°C and will achieve doses of 8, 18 and 40 dpa, respectively. The preliminary
experiment matrix is described in detail in a previous report.

FABRICATION AND OPERATION OF HFIR-MFE RB' SPECTRALLY TAILORED IRRADIATION
CAPSULES -- AW. Longest, D.W. Heatherly, E.D. Clemmer (Oak Ridge National Laboratory) ..........

Fabrication and operation of four HFIR-MFE RB' capsules (60, 200, 330, and 400°C} to
accommodate MFE specimens previously irradiated in spectrally tailored experiments in the ORR are
proceeding satisfactorily. With the exception of the 60°C capsule, where the test specimens are in direct
contact with the reactor cooling water, specimen temperatures (monitored by 21 thermocouples) are

controlled by varying the thermal conductance of a thin gas gap region between the specimen holder outer
sleeve and containment tube.

Irradiation of the 60 and 330°C capsules was started 0n July 17, 1990. As of September 30, 1992,
these two capsules had completed 22 cycies of their planned 24-cycle (formerly 22-cycle) irradiation to a
damage level of approximately 18.3 displacements per atom (dpa). Assembly of the 200 and 400°C
capsules is scheduled for completion in November 1992; operation of these two capsules will follow the
first two (60 and 330°C}.

DOSIMETRY, DAMAGE PARAMETERS, AND ACTIVATION CALCULATIONS

NEUTRON DISPLACEMENT DAMAGE CROSS-SECTIONS FOR SiC -- Hanchen Huang and
Nasr Ghoniem (University of California, LOSANGEIES) ... ..ot i et e it

Calculations of neutron displacement damage cross-sections for SiC are presented. We use
Biersack and Haggmark's empirical formula in constructing the electronic stopping power, which combines
the Lindhard's model at low PKA energies and the Bethe-Bloch's model at high PKA energies. The
electronic stopping power for polyatomic materials is computed on the basis of Bragg's Additivity Rule. A
continuous form of the inverse power law potential is used for nuclear scattering. Coupled intergro-
differential equations for the number of displaced atoms j, caused by PKA i, are then derived. The
procedure outlined above gives partial displacement cross-sections, displacement cross-sections lor each
specie of the lattice, and for each PKA type. The corresponding damage rates for several fusion and
fission neutron spectra are calculated. The stoichiometry of the irradiated material is investigated by
finding the ratio of displacements among various atomic species. The role of each specie in displacing
atoms is also investigated by calculating the fraction of displacements caused by each PKA type. The
study shows that neutron displacement damage rates of SiC in typical magnetic fusion reactor first wall will
be -10-15 [dpa] [MW]-1{m]2, that in typical lead-protected inertial confinement fusion reactor first walls to
be -15-20 [dpa)[MW] 1[m]2. For fission spectra, we find that the neutron displacement damage rate of SiC
is -74 [dpa] per 1027 n/m2 in FFTF. -39 [dpa] per 1027 in HFIR, and 25 [dpa] per 1027 in NRU.
Approximately 80% of displacement atoms are shown to be of the carbon-type.
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TRANSMUTATION OF COPPER IN FFTF AND STARFIRE -- F.A. Garner and L.R. Greenwood (Pacific
Northwest Laboratory) and F.M. Mann (Westinghouse Hanford Company) ..........................

Calculations of the transmutation of pure copper in the recent MOTA-2A out-of-core experiment yield
somewhat different values than expected from previous calculations for earlier MOTA in-core experiments.
The differences arise not only from position-dependent spectral variations but also from changes in
neutron flux and spectrum associated with the placement of the CDE experiment in FFTF. |n addition,
there has been a re-evaluation d the cross-sections for transmutation. The resulting differences between
the current and earlier predictions for the original FFTF core loading are that the zinc concentration is
significantly higher and the nickel concentration is somewhat lower in the current calculation. Relative to
the original core loading, however, the production rate per dpa of both nickel and zinc in the MOTA-2A
experiment in the current core loading is increased due to spectral softening arising from both the new
CDE core and the out-of-core location.

Although the nickel transmutation rate increases significantly in the STARFIRE first wall neutron
spectrum. the nickel-to-zinc transmutation ratio is also reduced compared to that 0Of previous calculations,
with the difference arising only from the re-evaluation  the transmutation cross-sections.

MATERIALS ENGINEERING AND DESIGN REQUIREMENTS ... ... e s

No Contributions

FUNDAMENTALMECHANICALBEHAVIOR . ... e

No Contributions
RADIATION EFFECTS, MECHANISTIC STUDIES, THEORY AND MODELING

ANALYSIS OF DISPLACEMENT DAMAGE AND DEFECT PRODUCTION UNDER CASCADE DAMAGE

CONDITIONS ..SJ. Zinkle (Oak Ridge National Laboratory and B.N. Singh (Riso National Laboratory) . ..

The production, annihilation, and accumulation df point defects in metals during displacive irradiation
is dependent on a variety of physical conditions. including the nature and energy of the projectile particles
and the irradiation temperature. This paper briefly reviews the evolution d the defect population in an
isolated displacement cascade, and outlines a proposed framework for identifyingthe relevant components
of displacement damage and defect production under cascade damage conditions. The most significant
aspect of energetic cascades is that the concepts of atomic displacements and residual defect production
must be treated separately. an evaluation of experimental and computer defect production studies
indicatesthat the overall fraction of defects surviving correlated annihilation in the displacement cascade in
copper decreases from about 30% of the Norgett-Robinson-Torrens(NRT) calculated displacements at 4 K
to about 10% of the NRT displacements at 300 K. Due to differences in the thermal stability d vacancy
versus interstitial clusters, the fractions of freely migrating defects available for inducing microstructural
changes at elevated temperates may be higher for vacancies than for interstitials. The available evidence
suggests that the fraction d freely migrating vacancies at temperatures relevant for void swelling in copper
is =5% of the calculated NRT displacements.

THE RELATIONSHIP BETWEEN THE COLLISIONAL PHASE DEFECT DISTRIBUTIONAND CASCADE
COLLAPSE EFFICIENCY -- K. Morishita (U. Tokyo), H.L. Heinisch (Pacific Northwest Laboratory)and
. I8hIN0 (U, TOKYO) . oottt e

Cascades produced in binary collision simulations o ion-irradiation experiments were analyzed to
determine if a correlation exists between the defect distribution in the collisional phase and the number o
visible clusters produceddirectly in cascades (caused by the so-called ‘collapse" of the cascade defects).
The densities of the vacancy distributions in the simulated cascades were compared to the measured
cascade collapse efficiencies to obtain the minimum or "critical" vacancy densities required for collapse.
The critical densities are independent d the cascade energy for self-ions and exhibit differences with ion
mass that are consistent with the cascade energy dissipation characteristics
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EFFECTS OF STRESS ON MICROSTRUCTURAL EVOLUTION DURING IRRADIATION --
D.S. Gelles (Pacific Northwest Laboratory) ............ccoiiiiiiiii i,

Many theories have been postulated to describe irradiation creep but few have been supported with
microstructural evidence. The purpose of this paper is to review microstructural studies of the effects of
stress during irradiation in order to assess the validity of the available irradiation creep theories.
Microstructural studies based on high voltage electron, ion, proton and neutron irradiation will be
described, with major emphasis placed on interpreting behavior demonstrated in austenitic steels. Special
attention will be given to work on fast neutron irradiated Nimonic PE16, a precipitation strengthened
superalloy.

IRRADIATION CREEP DUE TO SIPA UNDER CASCADE DAMAGE CONDITIONS -- C.H. Woo
(Whiteshell Laboratories), F.A. Garner (Pacific Northwest Laboratory) and R.A. Holt (Chalk River
=T o 1o ) = 1 (o] 1= 1<) I

This paper derives the relationships between void swelling and irradiation creep due to SIPA and SIG
under cascade damage conditions in an irradiated pressurized tube. It is found that at low swelling rates
irradiation creep is a major contribution to the total diametral strain rate of the tube, whereas at high
swelling rates the creep becomes a minor contribution. The anisotropy of the corresponding dislocation
structure is also predicted to decline as the swelling rate increases. The theoretical predictions are found
to agree very well with experimental results.

SIMULATING HIGH ENERGY CASCADES IN METALS -- H.L. Heinisch (Pacific Northwest Laboratory) . ,

The processes of radiation damage, from initial defect production to microstructure evolution, occur
over a wide spectrum of time and size scales. An understanding of the fundamental aspects of these
processes requires a spectrum of theoretical models, each applicable in its own time and distance scales.
As elements of this multi-model approach, molecular dynamics and binary collision simulations play
complementary roles in the characterization of the primary damage state of high energy collision cascades.
Molecular dynamics is needed to describe the individual point defects in the primary damage state with the
requisite physical reality. The binary collision approximation is needed to model the gross structure of
statistically significant numbers of high energy cascades. Information provided by both models is needed
for connecting the defect production in the primary damage state with the appropriate models of defect
diffusion and interaction describing the microstructure evolution. Results of binary collision simulations of
high energy cascade morphology are reviewed. The energy dependence of freely migrating defect
fractions calculated in recent molecular dynamics simulations are compared to results obtained much
earlier with a binary collision/annealing simulation approach. The favorable agreement demonstrates the
viability of the multi-model approach to defect production in high energy cascades.

SWELLING OF PURE NICKEL OBSERVED IN THE SECOND DISCHARGE OF THE AA-14
EXPERIMENT -- F.A. Garner (Pacific Northwest Laboratory) .......... ... i,

The swelling of neutron-irradiated pure nickel is strongly dependent on its tendency toward saturation.
The factors which induce saturation also lead to a strong dependence on irradiation temperature for nickel
in the annealed condition. When irradiated in the cold-worked condition, however, the temperature
dependence of swelling is strongly reduced but the tendency toward saturation persists.

COMPLETION OF THE ORR/MFE-4 EXPERIMENT INVOLVING HIGH RATES OF HELIUM
GENERATION IN Fe-Cr-NiALLOYS -- N. Sekimura (University of Tokyo) and F.A. Gamer
(Pacific Northwest Laboratory) ... ..o e e e e e et

Completion of the microscopy examination of the ORR/MFE-4 experiment confirms the conclusions
reached earlier in this study. Helium generated at very high levels (-30to 60 appm/dpa) does indeed
strongly influence the microstructural evolution of Fe-Cr.-Ni austenitic alloys, especially when the
temperature history involves a large number of low temperature excursions. Under these conditions the
effect of composition and starting condition are relatively unimportant.
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59Ni ISOTOPIC TAILORING EXPERIMENT: RESULTS OF TENSILE TESTS ON MOTA-1G
SPECIMENS-- M.L. Hamilton and F.A. Garner (Pacific Northwest Laboratory) .....................

Tensile tests have been conducted on the last two groups of isotopic tailoring specimens discharged
from MOTA-1G. The results agree with those reported earlier, showing a very small impact of fusion-
relevant helium/dpa levels on neutron-induced changes in tensile properties of three model austenitic
alloys.

MICROSTRUCTURAL EVOLUTION IN IRRADIATED Fe-Cr-M ALLOYS; SOLUTE EFFECTS -
D.S. Gelles (Pacific Northwest Laboratory) . .......ouvuuiiniii i et ens

A series of alloys based on Fe-10Cr with solute additions of silicon, vanadium, manganese, tungsten,
tantalum, and zirconium at 0.1 and 1.0%levels, has been examined by transmission electron microscopy
following fast neutron irradiation. Marked differences in dislocation evolution and void shape following
neutron irradiation were found as a function of alloying. The present study extends previous examinations
by investigating microstructural response following irradiation at a lower temperature (365°C) to 30 dpa
and to a higher dose, 100 dpa, at 410°C. Swelling level, void shape, and dislocation configuration
continued to vary as a function of the various solutes present in the same manner as seen previously.
However, two additional observations were made. Irradiation at the lower temperature promotes
precipitation of chromium rich a phase and reduces microstructural evolution. Also, irradiation to higher
dose, reduces the effect each solute exerts by lessening the wide variation in void shape and dislocation
evolution that were found at lower dose.

POSTIRRADIATION DEFORMATION BEHAVIOR IN FERRITIC Fe-Cr ALLOYS -- M.L. Hamilton and
D.S. Gelles (Pacific Northwest Laboratory) and P.L. Gardner (University of Missouri-Rolla) ............

It has been demonstrated that fast neutron irradiation produces significant hardening in simple
Fe (318) Dr binary alloys irradiated to about 35 dpa in the temperature range 365 to 420°C, whereas
irradiation at 574°C produces hardening only for 15% or more chromium. The irradiation-induced changes
in tensile properties are discussed in terms of changes in the power law work hardening exponent. The
work hardening exponent of the lower chromium alloys decreased significantly after low temperature
irradiation (< 420°C) but increased after irradiation at 574°C. The higher chromium alloys failed either in
cleavage or in a mixed ductile/brittle fashion. Deformation microstructures are presented to support the
tensile behavior.

DEVELOPMENT OF STRUCTURAL ALLOYS .. e e e e

FERRITIC STAINLESS STEELS ... . e i it

CHARPY IMPACT TOUGHNESS OF MARTENSITIC STEELS IRRADIATED IN FFTF: EFFECT OF HEAT
TREATMENT -- R.L. Klueh and D.J. Alexander (Oak Ridge National Laboratory) ..............c.c.....

Plates of 9Cr-1MoVNbL and 12Cr-1MoVW steels were normalized and then tempered at two different

tempering conditions. One-third-size Charpy specimens from each steel were irradiated to 7.4-8x1026
n/m2 (about -35 dpa) at 420°C in the Materials Open Test Assembly (MOTA) of the Fast Flux Test Facility.

Specimens were also thermally aged to 20,000 h at 400°C to compare the effect of aging and irradiation.
Previous work on the steels irradiated to 4-5 dpa at 365°C in MOTA were reexamined in light of the new
results. The tests indicated that prior-austenite grain size, which was varied by different normalizing
treatments, had an effect on impact behavior of the 9Cr-1MoVNb but not on the 12Cr-1MoVW. Tempering
treatment had relatively little effect on the shift in DBTT for both steels. Conclusions are presented on how
heat treatment can be used to optimize properties.
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RELATIONSHIP OF BAINITIC MICROSTRUCTURETO IMPACT TOUGHNESS IN Cr-Mo AND Cr-W

STEELS -- R.L. Klueh and D.J. Alexander (Oak Ridge National Laboratory) ................oovvunn. 151

Non-classical bainite microstructures can develop during continuous cooling of low-carbon alloy
steels. These differ from classical upper and lower bainite developed by isothermal transformation. Two
non-classical bainite microstructures were produced in a 3 Cr-1.5Me-0.25V-0.1C steel using different
cooling rates after austenitizing-water quenching and air cooling. The carbide-free acicular bainite formed
in the quenched steel had a lower ductile-brittle transition temperature (DBTT) than the granular bainite
formed in the air-cooled steel. With increasing tempering parameter, the DBTT of both decreased and
approached a common value, although the final value occurred at a much lower tempering parameter for
the quenched steel than for the air-cooled steel. The upper-shelf energy was similarly affected by
microstructure. These observations along with similar observations in two Cr-W steels indicate that control
of the bainite microstructure can be usedto optimize strength and toughness.

REDUCED ACTIVATION FERRITIC ALLOYS FOR FUSION-- D.S. Gelles (Pacific Northwest
=0 - (0] 7

Reduced activation martensitic alloys can now be developed with properties similar to commercial
counterparts, and oxide dispersion strengthened alloys are under consideration. However, low chromium
Bainitic alloys with vanadium additions undergo severe irradiation hardening at low irradiation
temperatures and excessive softening at high temperatures, resulting in a very restricted application
window. Manganese additions result in excessive embrittlement. as demonstrated by post-irradiation
Charpy impacttesting. The best composition range for martensitic alloys appearsto be 7to 9 Cr and 2 W,
with swelling of minor concern and low temperature irradiation embrittlement perhaps eliminated.
Therefore, reduced activation martensitic steels in the 7 to 9 Cr range should be considered leading
contenders for structural materials applications in power-producing fusion machines.

MECHANICAL PROPERTIES OF MARTENSITIC ALLOY AfSI 422 -- M.L. Hamilton (Pacific Northwest
Laboratory) and F.H. Huang and W. Hu (Westinghouse Hanford Company). .......................

Ht9 is a martensitic stainless steel that has been considered for structural applications in liquid metal
reactors (LMRs) as well as in fusion reactors. AlSI 422 is a commercially available martensitic stainless
steel that closely resembles HT9, and was studied briefly under the auspices of the U.S. LMR program.
Previously unpublished tensile, fracture toughness and charpy impact data on AlSt 422 were reexamined
for potential insights into the consequences of the compositional differences between the two alloys,
particularly with respect to current questions concerning the origin of the radiation-induced embrittlement
observed in HTS.

AUSTENITIC STAINLESS STEELS ... . i i e e

REFRACTORY METAL ALLOYS .. i e i i i i

STATUS OF THE DYNAMIC HELIUM CHARGING EXPERIMENT (DHCE)' -- B.A. Loomis and D.L. Smith
(Argonne National Laboratory), H. Matsui (Tohoku University), M.L. Hamilton (Pacific Northwest Laboratory),
K.L. Pearce (Westinghouse Hanford Company), J.P. Kopasz and C.E. Johnson (Argonne National
Laboratory), R.G. Clemmer and L.R. Greenwood (Pacific Northwest Laboratory) ....................

This report summarizes the status of the DHCE in FFTF-MOTA. the preparations for retrieval of
specimens from the irradiation capsules. and experimental results on procedures for the removal of tritium
from the irradiated specimens.
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HYDROGEN EMBRITTLEMENT OF NIOBIUM-BASEALLOYS FOR APPLICATION INTHE ITER
DIVERTOR' -- D.T. Peterson(lowa State University), and A.B. Hull, B.A. Loomis (Argonne National
=T 0T - (o] 57 IR

The corrosion rate of Nb alloys in high-purity water was demonstrated to be quite low at 300°C and only a
fraction of the hydrogen (H) produced by corrosion was absorbed. The calculated H concentrations in an
ITER divertor plate are below levels expectedto cause embrittlement.

Corrosion, H absorption, and resistance to embrittlement of NB can be significantly improved by
alloying. Alloying of Nb can increase the terminal solid solubility of H in Nb-V alloys. Consequently,
alloying NB with V reduces the embrittlement caused by H. Hence, there appear to be good prospects for
increasing the solubility of the hydride phase and of increasing the tolerance for H by developing
appropriate NB alloys. Thermotransport of H may perturb H concentration and thus needs further
evaluation.

TENSILE PROPERTIES OF VANADIUM-BASE ALLOYS WITH A TUNGSTEN/INERT-GAS WELD
ZONE' -- B.A. Loomis, C.F. Konicek. L.J. Nowicki,and D.L. Smith (Argonne National Laboratory) ......

The tensile properties of V-{0-20)Ti and V-(O-15)Cr-5Ti alloys after butt-joining by tungsten/inert-gas
(TIG) welding were determined from tests at 25°C. Tensile tests were conducted on both annealed and
cold-worked materials with a TIG weld zone. The tensile properties of these materials were strongly
influenced by the microstructure in the heat-affected zone adjacent to the weld zone and by the intrinsic
fracture toughness of the alloys. TIG weld zones in these vanadium-base alloys had tensile properties
comparable to those of recrystallized alloys without a weld zone. Least affected by the TIG welding were
tensile properties of the V-5Ti and ¥-5Cr-5Ti alloys. Although the tensile properties of the ¥-5Ti and V-
5Cr-5Ti alloys with a TIG weld zone were acceptable for structural material, these properties would be
improved by optimization of the welding parameters for minimum grain size in the heat-affected zone.

EFFECTS OF IRRADIATION-INDUCED PRECIPITATIONON PROPERTIES OF VANADIUM
ALLOYS -- H.M. Chung (Argonne National Laboratory) ... ... .. ... ..o oeien s seaen,

Two major and two minor types of irradiation-induced precipitates were identifiedin V-Ti, V-Cr-Ti, and
V-Ti-Si alloys after neutron irradiationin the Fast Flux Test Facility (FFTF) at 420 and 600°C to fluences up
to 114 dpa. The major precipitates are TigSiz and Ti20 phases. Effects of irradiation temperature and
dose on the two major types of precipitation were examined after irradiation at 420, 600, and 600°C plus
an excursion to 850°C for 50 min. Precipitation of the very fine TisSia particles at 420°C increases
monotonically with increasing dose, whereas at 800°C the maximum precipitation occurs at -20-40 dpa.
The characteristic precipitation kinetics were consistent with swelling and elongation behavior observed for
the low and high irradiation temperatures. For operation at 420°C. it is important to optimize the Si level
and ensure sufficient Ti "in solution" {i.e., Ti solutes not bound to thermal precipitates), and thereby
optimizing the precipitation of TizSiz. For operation at 600°C, minimizing the O content. in addition to Si
and Ti control, is important in minimizing TizO precipitation.

PRELIMINARY ASSESSMENT OF CANDIDATE NIOBIUM ALLOYS FOR DIVERTOR STRUCTURES -
J.A. Todd (lllinois Institute of Technology) and I.M. Purdy (Argonne National Laboratory) .............

Corrosion rates of several Nb-base alloys that contain -2.5 at. % Zr, V, Hf, Ti, Ta, Mo, or W were
determined in HP deoxygenated water at 300°C. Microstructural characteristics of the corrosion-product
layers were examined by optical and scanning electron microscopy {SEM). Although the weight-gain
corrosion rates were not excessive wand only a fraction {<20%} of the hydrogen liberated by the overall
corrosion reaction was absorbed by the alloys, most of the alloys were deemed to be brittle, i.e., fracture
occurred during a 90° bend test. The microstructural evaluations revealed numerous cracks and spalling
of the oxide layers; this is characteristic of nonprotective film formation. Some of the crack surfaces in the
alloys were covered by corrosion product, indicating that the cracks formed during exposure to high-
temperature water. The presenl results suggest that Nb alloys with higher concentrations of alloying
elements are required to improve the protective nature of the corrosion-product layers and to decrease
hydrogen uptake and embrittlement. Procurement of candidate alloys is in progress and corrosion/Ha-
embrittlement tests will be conducted at lower temperatures to determine material operating conditions that
will lead to adequate performance of alloys as structural materials in the ITER divertor.
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CREEP OF V-5Ct-5Ti AND V-10Cr-5Ti ALLOYS AT 600°C -- B.A. Loomis, L.J. Nowicki, and D.L. Smith
(Argonne National Laboratory) . ... ..ot e

Creep tests were conducted on V-5Cr-5Ti and V-10Cr-5Ti alloys at 600°C. The results of these tests
show that the V-10Cr-5Ti alloy has significantly higher creep strength than the V-5Cr-5Ti alloy.

RELATIONSHIP OF HARDNESS AND TENSILE STRENGTH OF VANADIUM AND VANADIUM-BASE
ALLOYS -- B.A. Loomis, J. Gazda. L.J. Nowicki, and D.L. Smith (Argonne National Laboratory) ........

The Vickers hardness numbers (VHNs) of annealed and recrystallized vanadium and V-{0-15)Cr-
(0-5)Ti-(0-1)Si alloys were determined at 25°C. The relationship between the VHN and the tensile strength
of these materials previously reported by Loomis et al. are presented in this report. These results show
that the VHN, yield strength (YS), and ultimate tensile strength (UTS) of V-{0-15)Cr-5Ti alloys at 25°C have
a similar dependence on Cr concentration and that the VHN, YS, and UTS of V-{0-20)Ti alloys at 25°C
have a similar dependence on Ti concentration. On the basis of these results and the small size of the test
specimen, it is recommended that the Vickers hardness test be utilized in the vanadium alloy development
program to determine the effects of thermal-mechanical treatment, impurities {i.e., O,N, C, H, and Si), and
irradiation on tensile properties of vanadium-base alloys.

CORRELATION OF MICRO STRUCTURE AND MECHANICAL PROPERTIES OF VANADIUM-BASE
ALLOYS-- J. Gazda and S. Danyluk (University of lllinois at Chicago) and B.A. Loomis and D.L. Smith
{Argonne National Laboratory) .. ... ... e

The mechanical properties and microstructure of V, V¥-3Ti-18i, and V-5Ti alloys were investigated by
microhardness testing, optical microscopy, and transmission electron microscopy (TEM). The
microhardness data were related to tensile test data reponed by Loomis et al. The microhardness and
tensile strength of these materials were related to the number density of precipitates. The most common
precipitates were identified as: V6013 and VS4 for vanadium; Ti(C,N.C) and various forms of Ti-S for
V-3Ti-1Si; Ti(C,N,Q) and TiN for V-5Ti. The crystallographic lattice parameters for these alloys were
determined by X-ray diffraction.

EFFECTS OF IMPURITIES AND DOPING ELEMENTS ON PHASE STRUCTURE OF VANADIUM-BASE
ALLOYS CONTAINING TITANIUM -- M. Satou (Tohoku University) and H.M. Chung (Argonne National
=0 - (0] 57

The thermal phase structure of vanadium-base alloys that contain Ti is strongly influenced by
impurities. When the combined concentration of O, N, and C is >500 wt. ppm, Ti solutes form blocky
Ti{O,N,C) precipitates during fabrication. When the O+N+C level is 400 wt. ppm. the Ti{O,N,C) phase is
absent. With Si and Y in the alloy. Ti solutes form TisSi3 and (Y,Siy.x)203 precipitates. A low impurity
concentration and Y doping promote preservation of Ti atoms in solution. Swelling of V-5Cr-5Ti specimens
doped with Si, Y, and Al was low after irradiation at 406 and 600°C. The excellent resistance to swelling is
attributed to dense distribution of ultrafine TisSiz and Y2QOas.like precipitates that are formed during
irradiation and provide a large number of sinks for vacancies; and hence, they effectively suppress
nucleation of voids during irradiation.

INFLUENCE OF BORON-GENERATED HELIUM ON THE SWELLING OF NEUTRON-IRRADIATED
PURE VANADIUM AND VANADIUM-5% CHROMIUM-- N. Sekimura (University of Tokyo) and
F.A. Garner (Pacific Northwest Laboratory) . ... e et e e

In agreement with earlier reports. the addition of five weight percent chromium to pure vanadium
leads to a significant increase in neutron-induced void swelling at 600°C. Although the swelling of V-5Cr
increases strongly with irradiation temperature. the influence of chromium is reversed at lower
temperatures, with pure vanadium swelling more than V-5Cr. The use of boron additions to generate large
amounts of helium in V and V-5Cr leads to a very complex swelling response, depending on boron level,
chromium level and irradiation temperature. The most pronounced response occurs in V-5Cr at 600°C,
where boron levels of 100 appm or greater cause a significant reduction in swelling. The complexity of
swelling response is thought to result from the competition between helium effects and the separate
chemical effects of boron and lithium, each of which may exhibit its own dependence on irradiation
temperature.
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COMPATIBILITY OF VANADIUM ALLOYS WITH REACTOR-GRADE HELIUM FOR FUSION REACTOR
APPLICATIONS-- G.E.C. Belland P.S. Bishop (Oak Ridge National Laboratory) ................... 238

Miniature tensile specimens of V-5Cr-5Ti, V-10Cr-5Ti, and V-12.5Cr-5 Ti were exposed in a once-
through system to helium with 70 vppm-Hz (measured oxygen partial pressures of 10-12 atm) and bottle
helium (measured oxygen partial pressures of 10-4 atm) between 500 and 700°C for up to 1008 h. The
weight changes in the specimens were recorded. The helium-exposed specimens were tensile tested, and
the effects of exposure on mechanical properties were assessed. Exposure between 500 and 700°C for
1008 h in He+70 vppm-H2 resulted in complete embrittlement of all the alloys in room temperature tensile
tests. The fracture mode was primarily cleavage, probably caused by a hydrogen-induced shift in the
ductile to brittle transition temperature (DBTT). Weight gains increased with temperature and were largest
for the V-5Cr-5Ti alloy. Specimens exposed for 531 h between 500 and 700°C in bottle He exhibited two
distinct fracture morphologies on the fracture surfaces. Brittle cleavage around the edges of the
specimens gave way to ductile dimpling in the center of the specimens. The brittle region around the
periphery of the specimen is most likely the higher vanadium oxide, V20s.

COPPERALLOY S .t e e e e 251

SWELLING OF COPPER ALLOYS IRRADIATED IN MOTA 2A -- F.A. Garner (Pacific Northwest Laboratory),
D.J. Edwards (University of Missouri-Rolla), B.N. Singh (Riso National Laboratory) and H. Watanabe
(KYUSHU UNIVEISITY) oottt et e e e e e e e et e e e et e e e 253

Density measurements have been completed on copper alloys irradiated in MOTA 2A at {375°C,
12.7 dpa) and (423°C, 48.0 dpa). While most of the density changes observed are consistent with those of
earlier studies, there were several surprises. The role of cold work on swelling of Cu-5Ni is relatively small
and Cu-5Mn does not appear to swell at all.

COBRA-1A COPPER IRRADIATION EXPERIMENT IN EBR-II --F.A. Garner and M.L. Hamilton (Pacific
NOMthWESE Laboratory) . ...ttt et et ettt ettt ettt ettt e s 255

Specimen preparation for copper alloys to be irradiated in EBR-Il Run 162 in the COBRA irradiation
vehicle iscomplete. Specimens include TEM disks, miniature tensile and miniature fatigue specimens.

THE INFLUENCE OF TRANSMUTATION AND VOID SWELLING ON THE ELECTRICAL PROPERTIES
OF COPPER AND SEVERAL COPPER ALLOYS-- D.J. Edwards (University of Missouri-Rolla) and
F.A. Garner (Pacific Northwest Laboratory) . ... e e i e e 258

A comparison of the predicted and measured electrical conductivities of MARZ copper wand two
copper alloys irradiated in FFTF shows that the calculated transmutation rates are - 15% higher than those
required to produce the observed changes. It also appears that the contribution of transmutants and void
swelling to conductivity changes are directly additive. Of the several models available, Euken's model has
been found to best describe the contribution of void swelling.

STATUS OF LOW CYCLE FATIGUE STUDIES ON IRRADIATED COPPER -- F.A. Garner (Pacific
Northwest Laboratory), B.N. Singh (Riso National Laboratory) and J.F. Stubbins (University of Illinois) ... 265

A joint irradiation program is being conducted by the Riso National Laboratory, Pacific Northwest
Laboratory and the University of lllinoisto study the influence of neutron irradiation on the low cycle fatigue
behavior of copper alloys. This program is directed toward both NET and ITER goals. Radiation is
proceeding on miniature specimens in the DR-3 reactor in Riso. and identical specimens have been
prepared for the COBRA-1A experiment in EBR-Il. A size effect study on unirradiated specimens is in
progress.

ENVIRONMENTAL EFFECTSIN STRUCTURAL MATERIALS ... 267
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DEVELOPMENT OF ELECTRICAL INSULATOR COATINGS FOR LIQUID-METAL BLANKET
APPLICATIONS -- J.H. Park, M.R. Fox, and G . Dragel (Argonne National Laboratory) ..............

Based on a preliminary survey of more than 15 oxides and nitrides, four ceramic materials (CaQ,
MgO, Y203, and BN) were identified as candidates for insulator coating development. These compounds
were fabricated by various techniques and exposed to flowing Li at 400-410" to assess chemical
compatibility. Yttrium oxide exhibited excellent corrosion resistance in flowing liquid Li at 400°C; its
corrosion rate was calculated to be 0.042 pm/hr. Resistivity measurements by a standard four-probe
method on Y203 in air at temperalures between -450 and 1000°C. before and after exposure to Li for
675 h at 410°C, indicated no deterioration in resistivity. The resistivity of in-situ-formed (V,Ti)*N reaction-
product layers on V-20Ti and TiN on Ti was determined at room temperature and 80°C by a two-probe
method. The resistivity of the film on the V-20Ti alloy was low (-20 £m) and the film on Ti exhibited
metallic conduction. Adhesion bonding between Y203 and Y, V, Ti, Y, V-20Ti, V-3Ti-15i, and Types 304
and 316 stainless steel was investigated in reducing and oxidizing gaseous environments at 927°C.
Except for the V-20Ti alloy, the V-base alloys, Ti, and Type 304 stainless steel were well bonded to Y203
in the reducing atmosphere. In the oxidizing atmosphere, bond regions of Types 304 and 316 stainless
steel were better than in the reducing atmosphere because of reaction between the oxide scale on the
steels {Cr203) and Y203 to form YCrO3- Neither V, Ti, nor the V-alloys bonded with Y203. These results
suggest that a low-melting eutectic layer forms between Y203 and the oxides layers present on V, Ti, and
V-alloys.

AQUEOUS STRESS CORROSION OF CANDIDATE AUSTENITIC STEELS FOR ITER STRLCTURAL
APPLICATIONS -- D.M. Frencn. W K Soppet. ana T F Kassner (Argonne hat.onal Laporatory)

Suscept oility of Types 316NG ano senst zed 304 stainess stees SS) to SCC was investgatea at
temperatures ot 60-289°C in slow-stra n-rate-lens le (SSRT) tests .n oxygenated water that s mulates
mportant parameters anticipated in Irst-wal/b anxet systems. Several aodtiona SSRT tests were
performed on crevice specimens of Type 316NG SS .n oxygenated water contain ng 100 ppo suifate at
steel exnib ts good resistance to SCC under crevice ana noncrevice conditions at temperatares <150°C n
a nominal ITER coolant chemistry. In contrast. sensitized Type 304 SS exnoited intergrany ar stress
corrosion cracking (IGSCC) at <100°C unoer crevice conditions. SSRT tests have been conducteo on
weldment specimens of Type 316L S8 with matching f ller meta ander crevice conditions .n oxygenate0
water contain ng 0.06-6 O ppm ch oride at 150-225°C  Most specimens fracturea n the pase metal. and
severa others fractared n the neat-attected zone {HAZ} of the weld. bJat none failed n the weid metal.

DEVELOPMENT OF IN-SITU-FORMED ELECTRICAL INSULATOR COATINGS ON HIGH-
TEMPERATURE ALLOYS IN LITHIUM-- J.-H. Park and G. Dragel (Argonne National Laboratory) .. . ..

Various intermetallic films were produced on vanadium, vanadium-base alloys, and Types 304 and
316 stainless steel (S5) by exposing the materials to liquid- and/or vapor-phase lithium containing
dissolved elements (3-5 at. %) in sealed capsules at temperatures between 600 and 775°C, After each
test, the capsules were opened and the samples were examined by optical and scanning electron
microscopy; they were then analyzed by electron-energy-dispersive and X-ray diffraction techniques. The
nature of the coatings. i.e., surface coverage, thickness, and composition, varied with exposure time and
temperature, solute in lithium, and alloy composition. Solute elements that yielded adherent coatings on
various substrates provide a means of developing in-situ electrical insulator coatings by oxidation of the
reactive layers with dissolved oxygen andlor nitrogen in liquid lithium.

ELECTRICAL INSULATOR COATINGS FOR LIQUID-METAL BLANKET APPLICATIONS-YTTRIA
COATING ON VANADIUM -- M.R. Fox and J.-H. Park (Argonne National Laboratory) .......... .. ...

Research has been conducted to develop a diffusion coating of Y203 on the surface of V, which could
help eliminate the MHD effect. The process involves yttriding, in which a diffusion coating of Y is formed
on the surface of V by immersing the samples in a molten salt and applying a potential. The yttrium layer
can then be oxidized to form the electrical insulator Y203- An yttrium coating up to 10pum in thickness with
a diffusion zone of -1 pm has been produced.
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SOLID BREEDINGMATERIALS AND BERYLLIUM ... .o

TRITIUM RELEASE FROM CERAMIC BREEDER MATERIALS -- J.P. Kopasz. C.A. Sells, and
C.E. Johnson (Argonne National Laboratory) .. ...... ..o i ine s

Lithium aluminate is an attractive material (in terms of its chemical, mechanical. and irradiation
properties) for breeding tritium in fusion reactors; however, its tritium release characteristics are not as
good as those of other candidate materials. To investigate whether tritium release from lithium alumihate
can be improved, we have studied tritium release from irradiated samples of lithium aluminate, lithium
aluminate doped with magnesium, and lithium aluminate with a surface deposit of platinum. The release
was studied using the Temperature Programmed Desorption (TPD) method. Both the platinum coating
and magnesium doping were found to improve the tritium release characteristics as determined by TPD.
Tritium release shifted to lower activation energies for the altered materials. In addition, information gained
from the TPD experiments on the pure material were used to improve our tritium release model. The new
model containing no adjustable parameters was used to successfully model in-pile tritium release from
LiA10p,

TRITIUM MODELING/BEATRIX-l DATA ANALYSIS*-- M.C. Billone, H. Attaya, C.E. Johnson, and
J.P. Kopasz (Argonne National Laboratory) .. ......ouuuinii ittt it et et e e e

Models have been developed to describe the tritium transport in LigO. The mechanisms considered
are bulk diffusion, surface desorption, surface adsorption, and solubility. These models have been
incorporated into the TIARA steady-state inventory code and the DISPL2 steady-state and transient code.
Preliminary validation efforts have focused on the inventory and tritium release rate data from in-reactor,
purge-flow tests YOM-15H, EXOTIC-2, CRITIC-1, and MOZART. The models and validation effort are
reported in detail in ANLFPP/TM-260. Since the BEATRIX-Il data were released officially in November
1991, validation efforts have been concentrated on the tritium release rate data from the "isothermal' thin-
ring sample. In this report, results are presented for the comparison of predicted long-time inventory
changes (in response to temperature and hydrogen purge pressure changes) to values determined from
the tritium release data.

DESORPTION CHARACTERISTICSOF THE Li2CG SYSTEM' -- AK. Fischer and C.E. Johnson (Argonne
NationalLaboratory) . ...t e e e e e

Preparations were completed for temperature programmed desorption (TPD) measurements of the
kinetics of desorption from the Dg-Hae-HB-HDO-H20-LisO system. These preparations consisted of a
series of blank and calibrating runs to determine the effects of the empty sample tube on the TPD spectra
dn to calibrate the mass spectrometer for the gaseous species of interest. Data from the blank tube runs
revealed the importance of isotope exchange reactions in interpreting desorption data. A preliminary
examination was made of the raw spectra of desorption from Li2O that had been treated with Ar-Dz
(921 vppm) at temperatures of 374, 673,873. and 1108 K (200,400,600, and 835°C). The TPD spectra
appear to contain fewer peaks than were observed earlier for LiA102.

TRITIUM TRANSPORT IN SINGLE CRYSTAL LIAIO2 = J.P. Kopasz. C.A. Sells, and C.E. Johnson
(Argonne National Laboratory)

Tritium transport in LiAIO2 has been studied by performing isothermal anneals followed by sectioning
of the sample to determine the tritium concentration profiles within the sample. The anneals were
performed over the 528 to 783°C temperature range under a He *+ 0.1%Hz2 purge gas flow. The results
indicate that: (1) tritium diffusion in LiAlOg is fast, and is not sensitive to impurities, and (2) tritium release
for these samples is in the mixed diffusion-desorptionregime. For samples with a grain size of 100pm or
less, the tritium release will be desorption controlled.
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NEUTRON IRRADIATION OF BERYLLIUM: RECENT RUSSIAN RESULTS-- D.S. Gelles (Pacific
Northwest Laboralory) ... .. e

Results on postirradiation tensile and compression testing, swelling and bubble growth during
annealing for various grades of beryllium are presented. It is shown that swelling at temperatures above
550°C is sensitive to material condition and response is correlated with oxygen content. Swelling on the
order of 15% can be expected at 700°C lor doses on the order of 1022 n/ecm2. Bubble growth response
depends on irradiation fluence.

CERAMICS . e

MEASUREMENTOF ELECTRICAL AND OPTICAL PROPERTIES OF DIELECTRIC MATERIALS
DURING NEUTRON IRRADIATION -- E.H. Farnum, F.W. Clinard, Jr.. J.C. Kennedyll, W.F. Sommer.
and W.P. Unruh (Los Alamos National Laboratory) . ........ ..ottt

An irradiation experiment was carried out during the summer of 1992 at the Los Alamos Spallation
Radiation Effects Facility (LASREF). fn situ measurements of electrical conductivity in alumina, sapphire
and mineral-insulated electrical cables were made at 640°C, 590°C and 400°C. Both DC and AC (100Hz
lo 1 MHz} measurements were made lo a fluence of approximately 2 x 1023 n/m2, Optical absorption from
200 nm lo 800 nm was measured in pure silica- and OH-doped silica-core optical fibers during the
irradiation. A large number of passive samples were included in the irradiation, some at the furnace
temperatures and some at ambient temperature. Data is being analyzed during the first quarter of FY83.
All samples will be recovered for post-irradiation examination during the second quarter of FY93.

THE EFFECT OF VACANCIES ON THE THERMAL CONDUCTIVITY OF SINGLE CRYSTAL ALUMINA
(SAPPHIRE) AT LOW TEMPERATURES-- D P White (OauR.dge hationa Laboratory)

The effect ot radiation on Ine thermal conductvty 01 aurmina 1s an important design considerat on n
the development of microwave winoows lor ion cyclotron resonance heating (ICRH) systems for tne
heating of plasmas n fus.on reactors Severa recent papers have aodresseo this queston at nigner
temperalures and tne present repon extends the cacu aton of tne effect of point defects to low
temperatures  Tnis extens on Of the calcu at ons to ow temperaiures 1s (1 interest becaJse it nas oeen
proposed lo cool tnese winoows lo quid n trogen temperatares n order to taue advantage of the m.cn
higher therma. conductivty 01 alum na at tnese temperatures

FATIGUE CRACK GROWTH OF SiC/SiC AT 1100°C-- R.H. Jones and C.H. Henager, Jr. (Pacific
NOMhWESt Laboratory) .. ... e e e e e

Fatigue crack growth tests have been conducted on a SiC/SiC composite at 1100°C and a stress
intensity ratio of 0.1. Tests were conducted in pure Ar and Ar + 2000 ppm O2 to determine the effects of
an oxidizing environment. The crack growth rate-stress intensity relationship exhibits a K independent
regime, stage 1, which is not exhibited in monolithic ceramics. The crack velocity in this stage Il regime
ranged from a low 01 10-8 m/s to a high 01 107 mls. Cyclic stresses were found to decrease the crack
velocity relative to static loads while oxygen increasedthe crack velocity. Both effects are consistent with
a model developed to describe the subcritical crack growth of these materials where the fibers bridging the
crack wake produce crack closure forces which reduce the crack tip K value. The decrease in crack
velocity with cyclic loading resulted primarily from the longer hold-times at a given K value without any
apparent cyclic damage. Based on these tests and other published data, cyclic stresses may not pose a
fatigue concern lor SiC/SIC if the stresses are below the proportional limit and the stress or stress intensity
ratio is >0 and tension-tension. Further tests are in progress to evaluate the effect of hold-time on crack
growth rates in SiC/SiC.
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RADIATION ENHANCED CONDUCTIVITY IN SILICON CARBIDE MATERIALS -- L.L. Snead (Oak
Ridge National Laboratory), Matthew Ohland (Rensselaer Polytechnic Institute) and Roger A. Vesey
(Rensselaer PolyteChniC INSHIIULE) . . . ..o v i a s ety e e e e et e

The radiation enhanced conductivity (REC) in four types of silicon carbide based materials was
measured. As expected, the material with the highest initial conductivity showed the lowest conductivity
enhancement. Chemically vapor deposited material showed only a few percent change at ionizing fluxes
of several Gy/s. Two materials with higher initial resistivities demonstrated significant REC, the highest
resistivity of the two changing by more than a factor of thirty for a dose of 4.2 Gy/s.
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BEAM-TARGET INTERACTION IN AN ACCELERATOR-BASED NEUTRON SOURCE FOR A FUSION MATERIAL TEST FACILITY -
A. Hassanein and D. Smith (Argonne National Laboratory)

OBJECTIVE

_ To provide a high neutron_flux for testing and evaluation of candidate materials for fusion
environment. The beam-target interaction is analyzed.

SUMMARY

High-current linear-accelerators have increased the attractiveness of a deuterium-lithium neutron source
for fusion materials testing and evaluation. Detailed beam-target interaction and_the_resultln? energy
deposited and the jet thermal response are analyzed. Issues relating to jet instabilities, nozzle erosion
rates, and the impact of thicker jets on the neutron spectrum at the testing area need further analysis.

PROGRESS AND STATUS

_This report concerns the development of a high flux neutron source for fusion material testing using a
high current linear accelerator. A high energy (35 MeV) deuteron beam is bombarded into a lithium target to
produce the high energy neutrons needed to simulate the fusion environment via the Li{d,n) nuclear stripping
reaction. ThiS neutron spectrum, which peaks near a neutron energy of 14 MeV, produces atomic displacements
and transmutation products in irradiated materials similar to those in real fusion reactors.

The deposition and the response of the lithium jet due to the bombardment of high energy deuterons is
modeled and’ simulated using the A*THERrMAL! computer Code. The code is modified to handle the deposition of
high energy ions into different target materials. The code calculates, using several analytical models, the
energy loss of the incident ion beam through both the _electronic and nuclear stopping powers of the target
atoms” long its path. The analytical models use stoEplng cross-sections which incorporate some experimental
data to accurately model the deposition profile. This code is much faster and more reliable than using Monte
Carlo codes which” require extensive running time and careful statistical interpretations of the result. The
code then calculates the detailed spatial thermal response of the jet using both finite element and finite
difference techniques with advanced numerical methods. The detailed analysis and the specific models used in
the calculations for the 0-Li system are discussed elsewhere’.  The analysis of using a water jet system
instead of the lithium jet bombarded by a triton beam to produce the required neutron flux and the
advantages/disadvantagas of such a system are described e)sewhere:,

As an example, the power deposited from a 35 MeV deuteron beam into a lithium jet is shown in Fig. 1.
The beam produced by the accelerator is not expected to be a mono-energetic beam, but has a Gaussian energy
distribution with an_rms width of 05 - 1.0 MeV. _ The peak power deposited is substantially reduced by
increasing the rms width of the profile. Following the energy deposition, the jet thermal hydraulic response
is evaluated. Liquid lithium at a bulk temperature of about 500 k is accelerated vertically downward from a_
nozzle at_a velocity of about 17 m/s. The spatial temperature profile for the mono-energetic beam is shown in
Fig. 2. _The _temperature at the jet surface is only around 600 k which is very low for any significant
evaporation into the accelerator chamber to interfere with the deuteron beam.
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Future issues that need to be analyzed are the resulting radiation damage and activation to the _
accelerator chamber and other components, the erosion rate of the nozzle and down stream components, jet
instabilities, and the effect of using thicker jet thicknesses on the resulting neutron spectrum at the test
area.
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LIQUID LITHIUM TARGET DEVELOPMENT FOR AN ACCELERATOR-BASED NEUTRON SOURCE - 8. F. Picologlou and D. L. Smith
(Argonne National Laboratory)

OBJECTIVE

The objective of this task is the development of a liquid lithium target for the Fusion Material Test Facility.

SUMMARY

A proposed high-flux high energy fusion materials irradiation facility uses a deuteron beam impinging on a
lithium target to produce neutrons with a spectrum that peaks around 14 MeV. The lithium target consists of
ajet of liquid lithium of appropriate thickness. The lithium target development activity is examining the
possibility of creating a stable planar free jet of desirable thermal hydraulic characteristics through
magnetohydrodynamic body forces created by a DC magnetic field.

PROGRESS AND STATUS

Introduction

The lithium jet target characteristics for the proposed accelerator-based neutron source should be such that
the deposition of essentially the entire deuteron beam energy in the jet does not result in unacceptable
temperatures and lithium vapor generation rates. Past designs of the lithium jet target utilized a curved jet
on a backing plate. The jet curvature results in centrifugal forces that tend to stabilize the jet and generate
a pressure field in the bulk of the jet that increases lithium saturation temperature and, thus, decreases
lithium vapor generation rates. However, the backing plate will be subjected to liquid metal corrosion and high
energy neutron flux and its lifetime is likely to be short. A planar jet that does not require a backing plate
will be clearly more desirable iFit can be made stable and if it can be shown that any bubble generation in
the bulk of the fluid as a result of the superheat is of no consequence. To achieve the former, the
magnetohydrodynamic interaction of a DC magnetic field with the jet nozzle flow or the liquid metal jet itself
will be used. Effort to date has been devoted to consideration of the different possible orientations of the
magnetic field in terms of their possible effectiveness and adaptability to the geometric and operational
constraints of the device.

. .

It is known that the application of a magnetic field in the nozzle area of a liquid metal jet stabilizes the
jet and delays downstream jet breakdown. The most probable mechanism for this effect i s damping of turbulence
in the nozzle by the magnetic field. It is also known that application of a magnetic field in a free surface

flow tends to eliminate ripples on the free surface through the same mechanism of turbulence suppression. These
effects are expected to depend on the orientation of the magnetic field, the conductance of the nozzle, suitable

non-dimensional parameters for magnetohydrodynamic flows (Hartmann number and interaction parameter) and, of
course, flow geometry and upstream conditions. Because no experimental or analytical treatment of the problem
for the high velocity, high aspect jet ratios of interest for this application have been found, an assessment
of the required analytical development and/or experimental investigations has started. Since this assessment
isatits very early stages, only general statements can be made at this time. Because the effect on a magnetic
field applied at a jet nozzle is understood only qualitatively, the possible effect of a uniform magnetic field
on the jet itself was considered first.

There are three possible orientations of the magnetic field relative to the jet. Axial, transverse to the long
side of the jet, and transverse to the short side. Without any consideration on the adaptability of a given
orientation to the geometric constraints of the device, it can be stated that all three orientations will tend
to retard the evolution of the rectangular jet to a jet of a circular cross section. Since this evolution is
a likely mode of jet breakdown, it follows that all three orientations will tend to delay jet instabilities.
However, because only deviations from uniformjet velocities produce any magnetohydrodynamic forces in a uniform
magnetic field, the relative efficiency of the different orientations can only be ascertained after considerable
analysis. This analysis would involve the following steps: 1) determination of steady-state jet evolution
without a magnetic field; 2) determination of steady state evolution with a uniform magnetic field; 3) linear
stability analysis for the three orientations of and comparison of results.

The above approach will provide a measure of the relative efficiency of the three possible field orientations.
However, because a linear stability analysis is not valid up to jet breakdown, the actual jet behavior will have
to be experimentally determined. The same can be said of the effect of magnetic field applied at the nozzle.

An interesting option involves the use of a magnetic field parallel to the long side of the jet that varies in
the flow direction. Such a field will induce current eddies which, upon interaction with the applied field,
will cause forces that oppose the transition from rectangular to circular jet.



CONCLUSIONS

The use of magnetic fields to stabilize the lithium jet target appears to be feasible. The various options of
the use of magnetic fields for jet stabilization have been considered and the approach needed to evaluate their

relative efficiency has been laid out.

FUTURE WORK

The assessment of the relative efficiency of the different field orientations will continue. The resources
required to carry out a detailed analytical assessment will be estimated and the scope of the activity will be
defined on the basis of available resources. An experimental programto study jet stabilization under relevant
conditions will be formulated. Bubble formation in the jet bulk will be investigated through a scoping type
of analysis, and a more detailed approach will be formulated, ifrequired.



CONCEPTUAL DESNEGNS OF SUPERCONDUCT ENG ACCELERATORS FOR A FUSION MATERBALS EIRRADNATEON FACILETY. - R. B. Clare.
J. R. Delayen, and B. J. Micklich (Argonne National Laboratory)

OBJECTIVE

The International Fusion Materials Irradiation Facility (IFMIF) will require an accelerator capable of
delivering reliably a continuous beam of 35 Mev, 250 mA deuterons to a liquid lithium target. Such an
accelerator has never been built either as a room temperature or superconducting device. There are reasons to
believe that rf superconductivity has distinct advantages for the design and development of cw, high-current
accelerators. The objective of this research is to identify all the issues associated with a superconducting
accelerator for an IFMIF, to do a conceptual design, and to formulate a development plan.

SUMMARY

This research has been of a theoretical and analytical nature. V¢ have investigated the dynamics of high-
current beams with the goal of identifying possible instabilities and their cures, and also the causes of
emittance growth and halo formation which would lead to activation of the accelerator. W have also done
conceptual designs of some of the critical components of the accelerator, and we have developed a model for the
control and stabilization of heavily beam loaded superconducting cavities.

PROGRESS AND STATUS
. iah- . |

The equation of motion governing cumulative beam breakup has been solved analytically using Fourier
analysis. This technique enables the investigation of the effect of non-zero bunch length on beam breakup,
which is an especially relevant consideration for low-velocity linacs. It also simplifies-the calculation of
the transverse dynamics of unbunched particles which constitute a diffuse longitudinal halo between bunches.
Simulations illustrating the salient features of cumulative beam breakup with finite bunch length both with and
without focusing have been performed.

Halo Formation _and Emittance Growth

Charge redistribution in transversely focused space-charge dominated beams occurs on a time scale of the
order of a quarter of the plasma period and results in a nearly uniform beam. It is characterized by laminar
flow and reversible dynamics, but it can terminate with shock-like behavior and wave breaking. The ensuing
turbulence is the signature of irreversible dynamics which will convert available free energy into thermal
energy on a time scale which is much less than the relaxation time associated with binary coulomb collisions.
Inturn, this turbulent heating leads to rapid emittance growth and halo formation. V¢ have done a calculation
of the resulting transverse dynamics of a beam in a continuous linear focusing channel. The calculation is
based on the Fokker-Planck equation which is used to describe the evolution of the beam following the charge-
redistribution phase. Turbulence is assumed to be the principal effect of nonlinear space-charge forces. A
model of turbulent heating is used to calculate the Fokker-Planck coefficients, and the particle orbits are
modeled as harmonic oscillators with a linear restoring force equal to the net transverse focusing force. These
simplifications allow for an analytic, closed-form solution of the Fokker-Planck equation,” yielding the
evolution of the coarse-grained distribution function of particles in the transverse phase space of a single
particle. The results are applied to the one-dimensional sheet beam which provides a sufficient example of the
qualitative beam dynamics, and for which the evolution of all of the salient beam properties can be described
in terms of well-known functions.

Based on this analysis, an estimate of the ratio of accelerator aperture to beam diameter necessary to
keep the activation of the cavities due to beam halo impingement can be obtained. While this work is still in
progress, it appears that a ratio of 8 would be sufficient at the beam energy and current of an IFMIF.

Phase and Amplitude Stabilization of Beam-Loaded Suoerconductina Cavities

A model has been developed to analyze the static and dynamic behavior of superconducting accelerating
cavities operated in self-excited loops in the presence of phase and amplitude feedback, ponderomotive effects
and beam loading. This is an extension of an earlier analysis of the stabilization of superconducting cavities
which has been the basis of the control system of several superconducting accelerators but did not include beam
loading. Conditions have been derived to ensure static and dynamic stability in the presence of ponderomotive
effects (coupling between the mechanical and electromagnetic modes of the cavity through the radiation
pressure). Expressions for the effect of fluctuations of cavity frequency and beam amplitude and phase on the
cavity field amplitude and phase and beam energy gain have been obtained.

‘Work supported by the Office of Fusion Energy, U.S. Department of Energy, under Contract W-31-109-ENG-38.



erco ting RFQs i iah-

Tests of the first superconducting RFQ structure indicated that high surface electric fields could be
sustained in a quadrupole geometry. However, the geometry used in those tests was not appropriate for an
accelerating structure, and the area sustaining the high electric field was too small to assume that such fields
could be achieved In actual RFQ structures. We have initiated a program to analyze and model a variety of
geometries suitable for superconducting RFQ structures. We are also designing a niobium RFQ sparker to
experimentally measure the surface electric fields that can be achieved on large areas in an actual RFQ
structure.

Additionally, we have designed a series of superconducting RFQs based on surface fields which can
reasonably be expected to be achieved. These studies are still in progress, but it appears that superconducting
RFQs would be able to efficiently accelerate the beam required for an IFMIF.

Niobium Activation Anal ysis

Work is_also under way to estimate the neutron yield and long-term radioactivity generated by deuteron
beam interactions with niobium. Deuteron interactions do not appear to create much long-lived radioactivit
directly but do create a significant neutron source. Of particular concern are the isotopes **Nb and °'Nb, whic
are produced by (n,2n) and (n,3n) reactions.

CONCLUSIONS

_ We have begun to address what appeared to be the most fundamental and difficult issues related to the
application of rf superconductivity to an accelerator for an IFMIF. In all cases, we have found that the issues
could be resolved easily and that superconducting accelerators have features which make them particularly
attractive for this application.

FUTURE WORK

All of the issues which have been addressed so far need to be pursued in greater depth before a conceptual
design can be produced. Once some of the aspects of the design have been finalized, other aspects can be
addressed. Additionally, experimental work to test some of the concepts, assumptions, and designs will need
to be started as soon as possible.



NEUTRONICS ANALYSIS oF A D-Li NEUTRON SOURCE - I. Gomes, Y. Gohar, and D. Smith (Argonne National Laboratory)

OBJECTIVE

The objective in this preliminary phase is to analyze the neutron flux distribution and nuclear responses
that can be achieved inside the test cell. Analysis of the influence of several parameters as deuteron
incident energy, lithium target thickness, and beam profile and configuration are to be performed. Also,
nuclear responses, such as helium production, nuclear heating, and others, are to be evaluated and roughly
estimate the uncertainties of these responses at the high energy tail (above 20 MeV neutrons).

SUMMARY

_ Results_ from Pyeljminary calculations for one heam and dual beam configurations are presented. The
influence of the lithium target thickness on the neutron economy of the svstem has been addressed. The
nuclear responses induced by the neutron source has been calculated and a brief discussion about the lack of
evaluated nuclear cross section data above 20 MeV 1is presented.

PROGRESS AND STATUS

Liscussion

_ Several parameters are considered in the neutronics performance evaluation of a neutron source. The
first parameter is the beam current to which the neutron flux 1is directly Proportlonal. The second parameter
is the number and geometrical spatial positions of the deuteron beams as well as the beam cross sectional area
and the deuteron density distribution across the same area. Another parameter is the deuteron energy in the
beam which defines the required lithium target thickness for optimum neutron production.

1. Preliminary Uncollided Neutron Flux Results for Single and Dual Beam Configurations

Table 1 presents results of the available volume with uncollided neutron flux above an indicated
threshold for three incident deuteron energies for a 2 cm lithium target. The dual beam cases have two
separated beam lines perpendicular to each other and positioned at different distance relative to the corner
of the test cell. The total deuteron current {200 maA) is maintained constant in all cases and the beams have
a flat deuteron density distribution across a 3 by 1 cm area. It can be noticed that the dual beam
configuration only presents advantages in terms of "available volume when the threshold considered is low
enough andfor the distance to the corner is short enough to permit a significapt |nterferen5e between the two
beans.  The dual beam cases do not produce any gain for a threshold of 102 neutrons/cm®.sec_in terms of
volume, since the available volume is reduced significantly. Also, in terms of the flux uniformity, the flux
is basically only uniform at the surface which encloses that volume. Once inside that volume, the flux may
vary one or more orders of magni&yde in a very few ce timeters. Figures 1 and 2 display a 30 view of the
surface enclosing fluxes above 10*% and neutrons/cm?.sec, respectively.

An alternative to avoid the design complexity of having two separate beam lines and to havin Iar%e

a
area with uniform flux 1is_to vary the beam cross” sectional area. Studies to quantify and to esta%lish the
trends between the two options are underway.

Table 1. Volume with Neutron Flux Above Indicated Threshold

Configuration Type volume (cm3)

Uncollided Neutron Flux Threshold VaITS

101% n/cmé . sec 1019 n/en?. sec
Deuteron Energy (MeV) Deuteron Energy (MeV)
30 35 40 30 35 40
Single Beam 19 38 66 930 1550 2400
Dual Beam Cases ]
(position relative to the cell corner, cm)
20 7 20 40 690 1290 2370
15 7 20 41 830 1610 2650

10 1020 1700 ——-
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2. _Neutron Source Strength

Table 2 presents results for the
neutron production based on the cross
section datal for the Deuteron-Lithium
reaction. 1t can be noticed that most of
the neutrons are produced in the energy
interval between 0 (zero) and 15 MeV. It
also can be noticed that as the deuteron
incident energy increases, more neutrons
are produced with energies above 20 MeV.
On the other hand, increasing the incident
deuteron energy of 30 MV to 35 and to 40
MgV increases the total neutron production
by 30% and 63%. respectively. Figure 3
displays the neutron energy spectrum of a

35 MV incident deuteron beam neutron
source.
Table 2.
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for a 35 MeV deuteron beam.

Comparison of Neutron Production and Energy Distribution for Three Incident Deuteron Energies

Percentage of Neutrons in

Deuteron Incident Energy

Each Energy (MeV) Group 30 Mev 35 MV 40 Mev
0to 13 87.10 83.69 79.71

13 to 15 484 443 4.62

15 to 21 5.51 7.63 9.28
21to 50 2.54 4.26 6.39
Total Neutron Production 5.226e+16 6.822e+16 B.516e+16
Average Neutron Energy (Mev) 5.59 6.34 7.04
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3. Analysis of Nuclear Responses

The analysis of the neutron induced nuclear response is an ongoing task. Preliminary results are
presented in this section. The calculation of the nuclear responses was performed with the MCNPZ Monte Carlo
code. For neutrons above 20 MeV, an approximation was used due to the lack of evaluated nuclear data at that
energy range. The transport cross section and the nuclear response functions are assumed constant above 20
MeV. It is important to improve this approximation in the future analysis.

Table 3 presents results for nuclear heating and helium production for a 200 mA current of 30, 35, and 40
MV deuteron beams. The lithium target thickness is taken to be equal to the optimum thickness for the
maximum neutron production. The results represent the maximum response values, for a 0.16 an thick stainless
steel plate located at the back of the lithium target. Despite the fact that only 2.54% of the neutrons
produced from a 30 MV deuteron beam have energies above 20 MeV (see Table 2). the total neutron induced
helium production has about 17%of its value due to neutrons with energy above 20 MeV and about 23% of the
neutron heating is due to neutrons with energy greater than 20 MeV. For 35 and 40 MeV deuteron beams, about
30% and 37% of the nuclear heating are due to neutrons above 20 MeV, respectively.

Table 3. Nuclear Responses for a 200 mA Beam Current

Energy Neutron Heaging Helium Production Hydrogen Production Tritium Production
(MeV) (watts/cm®) {appm/yr) (appm/yr}) (appm/yr)

Deuteron Energy Deuteron Energy Deuteron Energy Deuteron Energy

{MeV) {MeV) (MeV) (MeV)

30 35 40 30 35 40 30 35 40 30 35 40
0to 20 122 159 197 5,900 7,700 9,400 30,000 38,000 45,000 35 58 84
20 to 50 36 68 114 1,200 2,300 3,900 5,400 10.000 17,000 57 105 178
TOTAL 158 227 311 7,100 10,000 13,300 35,400 48,000 62,000 92 163 262
CONCLUSION

Preliminary neutronics results were obtained for the target area where the effect of energy, geometry, and
particle density of the deuteron beam were analyzed.

REFERENCES

-1 FM. Mann, F. Schmittroth, and LL. Carter. "Neutrons from d + Li and the FMIT Irradiation
Environment', HED!-T€£-1459 , Westinghouse Hanford Company, Richland. WA

2. JF. Briesmeister, ed, MCNP4 - Monte Carlo Neutron and Photon Transport Code", Los Alamos National
Laboratory Report LA-7396-M Rev 4.
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THE INFLUENCE OF SPECIMEN SIZE ON MEASUREMENT OF THERMAL OR IRRADIATION CREEP IN PRESSURIZED TUBES - F. A.
Garner and M. L. Hamilton, (Pacific Northwest Laboratory)’, R. J. Puigh, C. R. Eiholzer and D. R. Duncan,
(Westinghouse Hanford Company), M. 8. Toloczko, (University of California) and A. §. Kumar, (University of
Missouri-Rolla}

OBJECTIVE

The objective of this effort is to determine the impact of specimen miniaturization on measurement of
irradiation creep using pressurized tubes.

SUMMARY

Thin-walled pressurized tubes have been developed for measurement of thermal creep and irradiation creep.
Hiniaturization of these tubes allows more tests to be conducted in the limited reactor space available and
decreases the impact of displacement rate gradients and temperature gradients. Studies conducted on a
variety of tube sizes show that, when specimen fabrication history and irradiation conditions are
controlled. miniaturization can be successfully achieved and valid data produced.

PROGRFSS AND STATUS
Introduction

There is a very limited amount of fission reactor test space available at high neutron fluxes in which to
conduct irradiation experiments with well-defined temperatures and well-characterized neutron flux/spectra.
The various advanced neutron source concepts currently being propesed for fusion-relevant irradiations will
involve even smaller test volumes with larger gradients in displacement rate and possibly temperature.
These ronsiderations provide an incentive to miniaturize irradiation test specimens in order to maximize
the amount of data obtained and to avoid gradients in both neutron exposure and temperature across a
specimen. This in turn requires that detailed studies be conducted to determine the effect of size
reductions on the validity of the measurements obtained.

Atthough a significant amount of progress has been made for tensile and fracture properties (see refs. 1-4,
for example), no comparative studies have been published on the miniaturization of the thin-walled
pressurized tubes used to study irradiation creep. This paper outlines the results of a number of size
effects studies on both thermal and irradiation creep that were conducted under the sponsorship of the U.S.
Liguid Metal Reactor {LMR) and fusion reactor programs.

As shown in figure 1, the LMR program eventually centered its research on two standard "NCD" sizes: (5.84
mm and 4.57 mm OD) which are shown compared with the more conventional uniaxial creep specimens that are
very difficult to test in reactor. Also shown in figure 1 is a smaller (2.54 mm OD) pressurized tube that
was previously under development for the Fusion Materials Irradiation Test (FMIT) facitity[5]. When the
FMIT project was discontinued, the development effort on this tube was also stopped. This effort may be
resurrected ifa fusion-relevant neutron source is eventually built. Table 1 compares the dimensions of
these three pressurized tubes. Figure 2 shows details of tube construction.

Whatever size is employed, pressurized tubes have inherent advantages for irradiation creep studies. Not
only are they relatively small in mass and volume, but the stress is maintained without attachments within
the reactor or to its externals. Additionally, the nearly biaxial stress state is almost an exact
simulation of the stress state found in the fuel cladding used in the LMR program and the resultant strains
are easily applied to other stress states[6]. Lastly, the stress is maintained at a nearly constant value
even for relatively large creep-induced strains (<20%). This is due to the fact that the drop in gas
pressure with creep strain is almost exactly offset by the thinning of the tube wall. It should be noted
that swelling-induced dimensional changes lead to a drop in gas pressure that is not compensated by wall
thinning. Changes in stress, however, are negligibly small for swelling levels less than 10%.

When considering the use of pressurized tubes to study creep, other factors become important and can impact
the validity of using these miniature specimens. Whereas solid tensile specimens must meet certain minimum
dimensional tolerances, thin-walled pressurized tubes require even more stringent tolerances to avoid
introducing large uncertainties in the stress level, especially at temperatures where the strain rate is
nonlinear with stress. For example, a 10% variation in wall thickness of a thin-walled tube, with a stress
exponent n=4, translates into a large change in stress dependence of creep; (1.1)4 = 1.46. Thin-walled
tubes will also have a much more pronounced deformation-induced texture in their grain orientations than

'Pacific Northwest Laboratory is operated for the U.S. Department of Energy by Battelle Memorial
Institute under Contract DF-ACO6-76RLO 1830.

*NCD = National Cladding and Duct
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Table I--Dimensions of Small Tubes Employed in Current Studies

Quter Diameter Length Wall Thickness
LMR "NCD" 5.84 mm 2.82 cm 0.38 mm
Tubes (0.230 in)
4.57 mm 2.24 cm 0.20 mm
{(0.180 1in)
"FMIT" Tube 2.54 m 1.44 cm 0.25 mm
(0.100 in)

Experimental Details

will larger solid tensile
specimens, and the uniformity of
the cold-work level across the
specimen can be significantly
different in the two specimen
types

When analyzing the performance of
miniature tubes. there are two
types of size effects to bhe
considered: direct and indirect.
Direct size effects concern the
influence of end effects and
diameter-to-thickness ratios.
Both of these influence the
degree of triaxiality of the
stress state. Indirect size
effects arise from the trade-offs
sometimes made In constructing
smaller tubes. For instance,
heating effects associated with
the welding of end-caps to the
tube may change the )
microstructure of a relatively
Iar?er fraction of the length of
smaller tubes. Second, a
reduction of the tube dianeter
may require some changes In
processing history, and these
changes are not always o
negl 1gible. Finally, irradiation
creep Is strongly dependent on
the void swelling rate[7-10], and
void swelling is often strongly
dependent_on processing
variabies[ 11-13].

The majority of the studies
reported here were conducted as
thermal creep (constant stress)
tests or stress rupture (constant
pressure) tests In order to
define optimum size ranges. A
wider variety of sizes was
employed in the earlx LMR
studies, and although these ]
appear in various flggres in this
paper they were not listed iIn
Table 1 since they were
discontinued early in the
program. _The most pertinent
studies will be reported last and
concern the in-reactor creep
behavior of the two NCD tube
sizes.

The construction of the pressurized tubes has been described elsewhere[14] and is shown schematically in

figure 2.

at five equidistant locations using differential LVDT probes

15].

In the earliest of the studies described in this Faper, %Re diameterhof the tubes were measureg
e center three measurements were use

to assure the absence of end effects, and the average of the three measurements is shown in various figures

to follow.
system{16]. Stress rupture tests were conducted at constant internal
cover gas. Irradiations were conducted under sodium in the Fast Flux

i

In the more recent studies these measurements were made using a non-contacting laser
ressure In a furnace under argon
r Irrac C 1 _Test Facility (FFTFg, with the
specimens maintained at +5-C of their target temperature in the Materials Open Test Assem

ly (MOTA)[14]1.
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Results: Out-of-Reactor Tests

Figure 3 presents results of a
comparison of the thermal creep
response of cold-worked 316
SPECIMEN PARTS stainless steel for three
different stress states in the
regime of nonlinear response to
stress. Note that two of these
stress states involve the use of
tubes and the other 1is a rod
specimen. In spite of the
different stress states and
specimen geometries, relatively

E-BEAM WELD gc&odt[epgoducit_)ility bgtween
END CAPS TO relatively good agreenent
CLADDING between d¥ ering gstress states

was obtained when compared on
the basis of effective stress
and effective strain.

In the current studies, the
effect of tube length was
investigated. Figure 4 shows a
LASER CLOSURE comparison of strain data for

OF FILL HOLE FOR nominally identical tubes

varying only in their length.
PRESSURIZATION It was determined that lengths

in excess of 1" (2.54 <m) were
unnecessary. It was_also
determined” that the influence of
end _effects iIn these tubes was
easily avoided by the diameter
measurement technique described

SPECIMEN CODE carlier.
LASER ENGRAVED A variety of thermal creep and
ON END CAP stress rupture tests have been
conducted out of reactor to
determine the influence of both
tube diameter and length.
Figures 5 and 6 show the results
of both types of tests conducted
. . . . on the FFTF first core heats of
Fig. 2. Details of pressurized tube fabrication. 20% cold-worked 316 stainless

i i o i _steel. demonstrating no effects
of either variable. As shown in figure 7, an _even wider range of_ tube diameters*were tested in a study on
the LMR improved n9-type steel based on titanium-modified 316 stainless steel. While the 03 heat used to
produce the data_ in figure 7 does not appear to respond to size differences, another group of silicon and
molybdenum modified 03 heats appears to show a_pronounced effect of tube size (figure 8). This effect
appears to be relatively insensitive to variations in Si and Mo content. As shown in figure 9, the _
differences in rupture behavior were mirrored In the hardness measurements performed on the two specimen
sizes after thermal aging.

When the differences in data between the various heats in figure 8 and 9 are examined in detail, it becomes
obvious that some chemical variations are more sensitive to processing history than others. It appears,
however, that the differences in rupture behavior for the 5.84 and 4.57 mm (5.84 and 4.57) diameter tubes
are i1llusory and reflect only slight differences in processing history as shown in Table 2.

The only in-reactor size effects tests were conducted on pg_heat 83508 and are described in the next
section. As shown in figures 10 and 11, the effect of specimen size, if any, on the thermal creep of these
tubes is-relatively small at 550 and 750°C. The apoarent differences at 575 and 605°C for some pressures
are thought to reflect undetected loss of tube pressure prior to the start of the final segment of the
aging and measurement sequence.

Results: In-Reactor Tests

Figures 12 and 13 present the irradiation _creep and void swelling strains. The differences in deformation
behavior for the two tube sizes are relatively small. Upon closer comparison it IS obvious that the
largest of these relatively small differences occur when the two sizes of specimens were irradiated at
significantly different positions in core, as evidenced by measurable differences in their dpa levels.
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Thus, even these relatively small differences probably
arise from the flux and temperature sensitivity of void
swelling and its very large impact on irradiation creep.

Discussion

The experimental results presented in this paper clearly
indicate that, within the range of sizes explored in
these studies, there are no significant effects of
specimen size on thermal creep or irradiation creep. It
is possible, however, to produce the appearance of a size
effect if some other variable is inadvertently introduced
into the comparison. Relatively small changes in heat
treatment and radiation environment, for example, have
been shown to produce such a result.

The role of heat treatment is known to be particularly
strong. In a recent study[17] it was shown that small
differences in radiation variables could produce
significant differences in swelling behavior, but even
larger changes could be induced by variables that are
normally thought unnecessary to control. The interpass
annealing or 'temper" anneaiing temperature between'
successive cold-work reductions exerts a particularly
large effect on void swelling, primarily by affecting the
duration of the transient regime of swelling[13]. The
influence of the temper annealing temperature on
recrystallization has also been found to be unexpectedly
strong, overshadowing the influence of minor variations
in altoy composition[18]. The processes involved in
recrystallization are also invoived in determining the
high temperature behavior of thermal and irradiation
creep.

CONCLUSIONS

It appears that thin-walled pressurized tubes can be
reduced in size without introducing any problems in data
generation or creep analysis. Care must be taken,
however, to avoid the inadvertent introduction of other
uncontrolled variations in tube manufacture or
irradiation environment.

FUTURE WORK

This effort is complete.

Table 2--Processing History of Pressurized Tubes Constructed
From the Chemical Variable Heats of D9

Tube 0.D. Homogenization Interpass Anneal
Temperature Temperature
0.230 in 1175°C (5 hrs) ~1070°C
(5.84 mm)
0.180 in 1175°C (5 hrs) ~1070°C
(4.57 mm)
1200°C (24 hrs)* one intermediate

solution treatment at
1175°C

*hot rolled at 1175°C and annealed {1025°C/1 hr/WQ) between

homogenization treatments.
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STATUS OF US./IAPAN COLLABORATIVE PROGRAM PHASE 11 HFIR TARGET CAPSULES - J. E. Pawel
and R. L. Senn (Oak Ridge National Laboratory)

OBJECTIVE

The objective of this program is to determine the response of various U.S. and Japanese austenitic and ferritic stainless steels
with different pretreatments and alloy compositions to the combined effects of displacement damage and helium generation
at temperatures in the range of 300 to 600°C and doses of 18to 70 dpa.

SUMMARY

A complete description and details of the design, construction, and installation of capsules JP-9 through JP-16 has been
previously reported.'." The capsules were installed in the High Flux Isotope Reactor (HFIR) target July 20, 1990 for
irradiation beginning with HFIR fuel cycle 289. The capsules were removed and stored in the reactor pool during HFIR cycle
292 (11/25/90 - 12/10/90) to provide room for required isotope production. They were reinstalled for HFIR cycle 293 for
continued irradiation. Of these elght target capsules, JP-10, 11, 13,and 16 completed their scheduled number of cycles (11)
and were removed from the reactor in September 1991. In addition, JP-14 was removed from the reactor at the end of cycle
310 (5/18/92) after 21 cycles.

Three new capsules in this series, JE-23, 21, and 22, are currently being designed. These capsules were added to the program
in order to complete the experimental matrix included in the JP-9 through JP-16 capsules. The new capsules will contain
transmission electron microscope (TEM) disks and SS-3flat tensile specimens at 300-600° C and will achieve doses of 8, 18 and
40 dpa, respectively. The preliminary experiment matrix is described in detail in a previous report."

PROGRESS AND STATUS
Cansules JP-9 throueh JP-16

The as-built specimen matrix for the JP-9 through JP-16 series capsules can be found in a previous report? These capsules
contain TEM disks, bar and flat (SS-3) tensile specimens, hourglass fatigue specimens, and sheet specimens. A wide variety
of alloys and thermomechanical conditions are included. Many of the TEM disks were made from isotopically tailored alloys
to produce a range of He/dpa ratios (<0.1, 10, 20, 70). The experiment addresses long-standing basic questions on the role
of helium in microstructural evolution and will explore the high fluence swellingbehavior of the most swelling-resistant materials
currently available. Details of the irradiation history of these capsules is shown in Table 1.

During this reporting period, JP-14 was removed from the reactor after completing the scheduled number of cycles (21) and
having accumulated a total dose of 38905 MWd or 34 dpa. It will remain stored in the reactor pool for a cool-down period
before disassembly in early 1993.

Causules JP-20 throueh 22
Three new capsules have been added to the US/Japan collaborative testing of Phase II HFIR target capsules, identified as JP-20,
21, and 22. These capsules are designed to complete the original experiment matrix of the JP-9 through JP-16 series capsules.

It is planned to irradiate the three capsules in inner target positions for 5, 11,and 22 cycles, respectively, to achieve peak doses
of approximately 8, 18,and 35 dpa. Specimen temperatures in each capsule will be 300, 400, 500, or 600°C.

PRESENT STATUS

Parts for JP-20, 21, and 22 that were the same as previous capsules have been received and subassemblies completed where
possible. Assembly drawings will be issued in November 1992. Loading lists are being finalized.
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TABLE 1. IRRADIATION HISTORY - Jp-¢, -10, -11, -12, -13, -14, -15, -16

H ; ! ' T
HFIR OPERATION 4P 10,711,413, 16 ] JP-14 i JP-P, -12, -15
—_— e — | W —| : SR
CYQLE START END Muwd/ | IRR. TO 20 DPA f IRR. TO 40 DPA H IRR. TO 70 | A
Yo DATE DATE Cycte  }| wd ] dper [ wid ] oper }| M | dper
289 07-20-W 09-07-K 1879 1879 1.64 1879 1.64 1,64
290 w-19-90 10-11-w 1852 3731 3.26 3731 3.26 3.26
201 10-17-50 11-13-90 1838 5569 4.85 5569 4.86 1.M
292 11-25-90 12-10-90 1847 CAPSULES CUT _dd REACTOR FOR THIS CY(
293 12-27-PO 01-23-91 1945 7534 6.58 7534 6.58 6.58
291 02-01-%1 02-25-91 1906 9440 8.24 9440 8.24 8.21
295 03-01-91 03-21-91 1508w 11348 9.91 11348 9.91 9.91
296 04-06-91 04-28-91 1871 13222 11.54 13222 1154 11.51
297 05-19-91 06-15-91 1845  mm 15067 13.15 15067 13.15 13.15
2P8 06-20-91 07-11-91 1747 16811 14.68 16814 16.68 11.68
2%% 07-25-91 08-15-91 1711 18555 16.20 18555 16.20 16.20
300 08-28-91 09-17-91 1724 20279 17.70 20279 17.70 17.70
301 09-27-91 10-19-91 1851 Je-10, <11, -13. -16 22130 19.32 19.32
302 10-27-%1 11-21-91 1829 removed 9/19/91 at : 23959 20.92 20.92
303 12-01-91 12-22-%1 1821 end HFIR Cycle 300 25780 22.51 2251
304 12-31-91 01-24-92 1826 Enas 27606 24.10 21.10
305 01-30-92 02-27-92 1876 29482 25.74 25.74
306 33-31-92 04-27-92 1845w+ 31327 27.35 27.35
307 35-01-92 05-28-92 1842 33169 28.96 28.96
308 ¥%-02-92 06-30-92 1938 35107 30.45 30.65
309 )7-03-92 08-01-92 1949 37056 32.35 32.35
310 )B-27-92 09-18-92 1849 38905 33.96 33.96
311 REMOVED AT EOC 310

* DPA levels based on achieving 0.000873 dpa/Mwd.
** These values were corrected 10/27/92 to reflect values from the most recent HFIR power history

as published by RRD.

FUTURE WORK

The required drawing revisions must he completed and the balance of parts ordered so that capsule assembly can begin. Final
loading lists and capsule assembly procedures will be developed. Installation in HFIR is planned for early in 1993.
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FABRICATION AND OPERATION OF HFIR-MFE RB* SPECTRALLY TAILORED IRRADIATION CAPSULES
A. W. Longest, D. W. Heatherly, E. D. Clemmer (Oak Ridge National Laboratory).

OBJECTIVE

The objective of this work is to fabricate and operate irradiation capsules for irradiating magnetic fusion energy (MFE)
candidate first-wall materials in the High Flux Isotope Reactor (HFIR) removable beryllium {RB*) positions. Japanese and
U.S. MFE specimens are being transferred to RB* positions following irradiation to 7.5 dpa at temperatures of 60, 200, 330,
and 400«C in Oak Ridge Research Reactor (ORR) experiments ORR-MFE-6J and -7J.

SUMMARY

Fabrication and operation of four HFIR-MFE RB* capsules (60, 200, 330, and 400°C) to accommodate MFE specimens
previously irradiated in spectrally tailored experiments in the ORR are proceeding satisfactorily. With the exception of the 60 C
capsule, where the test specimensare in direct contact with the reactor cooling water, specimen temperatures (monitored by
21 thermocouples) are controlled by varying the thermal conductance of a thin gas gap region between the specimen holder
outer sleeve and containment tube.

Irradiation of the 60 and 33&-C capsules was started on July 17, 1990. As of September 30, 1992, these two capsules had
completed 22 cycles of their planned 24-cycle (formerly 22-cycle) irradiation to a damage level of approximately 18.3displace-
ments per atom (dpa). Assembly of the 200 and 400+ C capsules is scheduled for completion in November 1992; operation of
these two capsules will follow the first two (60 and 33G+C).

PROGRESS AND STATUS
Introduction

A series of spectrally tailored irradiation capsules are being fabricated and operated as part of the L).S./Japan collaborative
program for testing MFE candidate first-wall materials in mixed-spectrum fission reactors. The test specimens are being

irradiated in the RB* facility' of the HFIR.

Four HFIR-MFE RB* capsules were designed to accommodate Japanese and U.S. MFE specimens previously irradiated to
75 dpa at temperatures of 60, 200, 330, and 400°C in the ORR in spectrally tailored experiments ORR-MFE-6J and -7J.
Details of these ORR experiments, including descriptions of the test matrix, mechanical property specimens, and techniques
of spectral tailoring, have been reported elsewhere?' Hafnium liners are being used in the HFIR-MFE RB"" experiments to
tailor the neutron spectrum to closely match the helium production-to-atom displacement ratio (14 appri/dpa) expected in a
fusion reactor first wall.

The HFIR-MFE RB* capsules are being irradiated in pairs (firstthe 60 and 330° C capsules, then the 200 and 400° C capsules)
to a damage level of approximately 18.3 dpa. The target exposure level was given as 17.5 dpa (22 HFIR cycles) in the last
progress report* however, it was decided to extend the 60 and 330°C irradiations for two additional cycles to 18.3 dpa (24
HFIR cycles), at which time the 200 and 400=C capsules should be assembled and ready to replace them.

60- C Causule
The 60-C capsule, designated HFIR-MFE-60J-1, is an uninstrumented capsule with the test specimens in contact with the

reactor cooling water. Capsule design, assembly, and details of the specimen loading were described previously.'

Irradiation of this capsule began July 17, 1990, at the start of HFIR cycle 289. As of September 30, 1992, 22 cycles of its
planned 24-cycle irradiation to a damage level of approximately 18.3 dpa had been completed. Specimen operating tempera-
tures in this capsule are predicted to be within 10°C of 60°C.,
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330-C Causule

The 330+C capsule, designated HFIR-MFE-330]-1, is an instrumented and singly contained capsule where the specimen
temperatures are monitored by 21 thermocouples and controlled by adjusting the thermal conductance of a thin gas gap region
between the specimen holder outer sleeve and containment tube. This capsule is cooled with 49¢C reactor cooling water
flowing downward over the containment tube surface. Capsule design, assembly, and details of the specimen loading were
described previcusly.*’

Irradiation of this capsule began on July 17, 1990, at the start of HFIR cycle 289. As of September 30, 1992, 22 cycles of its
planned 24-cycle irradiation to a damage level of approximately 183 dpa had been completed.

Typical thermal operating data for the 330J-1 experiment were presented in detail previously’. During this report period,
measured temperatures in the aluminum alloy specimen holder continued to indicate specimen operating temperatures within
about 25+C of 330-C, which satisfies the temperature criterion for these experiments.

200 and 400°C Causules

The 200 and 400°C capsule designs were described previously® and are basically the same as that of the 330°C capsule. The
main differences in the three capsule designs are associated with (1) the number and spacing of the specimen holder slots and
holes tc accommodate differences in the number of specimens of the various types, (2) the width of the temperature control
gas gap region between the specimen holder outer sleeve and containment tube to obtain the desired specimen operating
temperatures, and (3) the test piece included in the aluminum plug and holder above the test specimen holder to obtain extra
information.

Assembly of the 200 and 400 °C capsules was started this report period hut completion was delayed by approximately two
months because of aluminum welding difficulties. A defective weld was discovered in both of the aluminum housing tube

weldments that were designated for use on these capsules; both welds had passed full inspection (helium leak test, dye-penetrant
and radiography) approximately two years earlier when the housing tubes were fabricated. Subsequent inspections revealed

cracks in the weld area on the inside of both housing tubes. This problem was solved by replacing the cracked welds with new
ones. However, during examination of the replacement welds, porosity was revealed that was borderline with respect to meeting

specifications. This porosity could not be eliminated in subsequent test welds. At this point, the replacement welds were
evaluated on the basis of updated design requirements and found to be acceptable for the intended use, and assembly of the

capsules was resumed.
Assembly of the 200* C capsule was nearing completion at the end of this report period. Assembly of the 400°C capsule is

scheduled for completion in November 1992. Operation of these two capsules will follow the first two (60 and 330+-C) and is
scheduled to start in November 1992.

FUTURE WORK

Assembly of the 200 and 400 - C capsules is scheduled for completion in November 1992. These two capsules are to be operated
for 24 HFIR cycles.
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2.0 DOSIMETRY, DAMAGE PARAMETERS,
AND ACTIVATION CALCULATIONS
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NEUTRON DISPLACEMENT DAMAGE CROSS-SECTIONS FOR SiC*, Hanchen Huang and Nasr
Ghoniem, University of California, Los Angeles

OBJECTIVES

The objective of the present study is to develop and apply a computational tool for calculations of neutron
displacement cross-sections for SIC in various fission and fusion neutron spectra.

SUMMARY

Calculations of neutron displacement damage cross-sections for SIC are presented. We use Biersack and Haggmark’s
empirical formula in constructing the electronic stopping power, which combines the Lindhard‘s model at low PKA energies
and the Bethe-Bloch’ s model at high PKA energies. The electronic stopping power for polyatomic materials is computed
on the basis of Bragg’s Additivity Rule. A continuous form of the inverse power law potential is used for nuclear scattering.
Coupled intergro-differential equations for the number of displaced atoms j, caused by PKA i, are then derived. The
procedure outlined above gives partial displacement cross-sections, displacement cross-sections for each specie of the lattice,
and for each PKA type. The corresponding damage rates for several fusion and fission neutron spectra are calculated. The
stoichiometry of the irradiated material is investigated by finding the ratio of displacements among various atomic species.
The role of each specie in displacing atoms is also investigated by calculating the fraction of displacements caused by each
PKA type. The study shows that neutron displacement damage rates of SIC in typical magnetic fusion reactor first wall will
be ~10-15 {dpal[MW]'l[m]z, that in typical lead-protected inertial confinement fusion reactor first walls to be ~15-20
[dpa][MW] '{mY*. For fission spectra, we find that the neutron displacement damage rate of SIC is —74 [dpa] per 10%7 njm?
in FFTF, -39 [dpa] per 10*"in HFIR, and 25 [dpa] per 10%" in NRU. Approximately 80% of displacement atoms are shown
to be of the carbon-type.

PROGRESS AND STATUS
Introduction

Early calculations of radiation damage rates in monatomic materials have been made on the basis of simplifying
assumptions. Jenkins [1] and Sheely [2] used the Kinchin-Pease model to account for the displacement efficiency and
calculated the displacement cross-sections for iron. Their work was extended and made complete by Doran [3], who used
Lindhard*s model in accounting for the displacement efficiency and included inelastic (e.g., (n, 2x) and (#,y)) nuclear reaction
channels. Investigation of displacement rates in polyatomic materials soon followed. In the works of Baroody [4] and
Andersen & Sigmund [5}, the contributions of the electronic stopping to the energy loss were omitted. Realizing the
importance of this mechanism of energy loss, Parkin and Coulter [6] accounted for the electronic stopping by using
Lindhard’s model and solving coupled intergro-differential equations for the number of displaced atoms. The investigations
were applied to MgO, AL,O4 and TaO. Their work was further developed to a computer code by Greenwood [7]. Alberman
& Lesueur [8] developed a similar computer code (COMPOSI), on the basis of their own formulation to calculate the
displacement damage rates in diatomic mat=rials. However, their formulation is not accurate because they assumed that the
energy transferred is fixed after the ion travels a distance in the matrix.

In this paper, we present a calculational method for displacement damage in SIC. First, we construct the electronic
stopping power based on Lindhard’s [9,10] and Bethe-Bloch’s [11,12] formulations, and use Biersack and Haggmark*s
empirical bridging formula [13]. Secondly, we extend this formulation to polyatomic materials and use Bragg’s Additivity
Rule, which was experimentally shown to be reasonably accurate within 10-15% [14]. Thirdly, we formulate coupled
intergrodifferential equations for the number of displaced atoms. The numerical procedure is an extension of the
Runge-Kutta method to coupled differential equations. Following these steps, we calculate the partial displacement
cross-sections, the damage rates of each atomic specie, the damage rates caused by each PKA type, the total displacement
cross-section, and the total displacement damage rates of SIC under irradiation conditions of FFTF, HFIR, NRU [15],
PROMETHEUS [16] and ARIES4 [17]. Finally, conclusions are given in section 5, especially the implications of these
results to simulation experiments of neutron irradiation in non-fusion facilities
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Theory

Electronic Stopping Power in Polyatomic Materials

In the low energy range, Lindhard’s theory of electronic stopping for energetic ions is well accepted. Although it is
proposed by Ziegler et al. [18] that the electronic stopping power of silicon and carbon may behave as £% at very low ion
energies, we use the Lindhard formulation. The reasons for this choice are two fold: (1) there is not enough experimental
data to give accurate electronic stopping cross-sections in the very low energy range, and (2) electronic stopping in this range
E = 500 eV) doesn’t have a large effect on displacement damage calculations. The Lindhard’s electronic stopping
ctoss-section is given by [9,10]

Zlmzz v .

Yo

hY =_1_(£) =8n:eza0
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2
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where z% =z .z¥ —.

Z, and Z, are charge numbers of the projectile and the target atoms, respectively e the charge of an electron, v the velocity
of the projectile, N, the atom density of the target, and h the Planck constant. This formula is valid for PKA energies E
< 25 KeV/amu [{8].

In the case of fusion neutron irradiation of low Z elements, the PKA energy can be high enough so that Lindhard’s
formulation does not hold anymore. For PKA energies greater than 200 KeV/amu, the Bethe-Bloch’s electronic stopping
power is in good agreement with experiments. The Bethe-Bloch’s stopping cross-section is given by [11,12):

e

2 4
- wlw), Tt P L @
Nylax ), (M, Im )

where Z,, is an effective charge of the projectile, given by Bohr [19}. E is the energy of the projectile, A, the mass of the
projectile, m, the mass of the electron, N, the atomic density of the target, and, I the ionization energy of the target atom.
This stopping formulation is valid for PKA energies E > 200 KeV/amu.

To cover the entire range, we propose to extrapolate the formulation of Bethe-Bloch to low energy by linear
extrapolation at the highest stopping energy point. The two stopping powers are then bridged according to Biersack and
Haggmark’s procedure [13], which is given by:

(3}

1 -1 -1
Se = S Lindbard * S Jpethe -Bloch

The theoretical prediction of electronic stopping power based on this equation is compared with the experimental data
of electronic stopping power in monatomic materials given by Northcliffe {20], and very good agreement is obtained. Since
the Bragg’s Additivity Rule has been experimentally shown to be accurate within 10-15% [14], we extend the electronic
stopping power obtained above to polyatomic materials based on Bragg’s Additivity Rule. This is given by:

Y ANS,
(Se)mm site — 4
i 2 AN,

where A , N; and S,; are mass number, atomic density and single element electronic stopping cross-section of specie i,
respectively.
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Interatomic Potentials & Atomic Scattering Cross-sections

Winterbon[21] compared the accuracy of the atomic scattering cross-section based on the inverse power law potential
with that based on the Thomas-Fermi potential, and found that they are in fairly good agreement, provided that several power
laws are used to cover the entire energy range. Therefore, the inverse power law potential, which is very simple, is used
in this paper. In applying the inverse power law potential, the main problem to be solved is matching potentials of different
powers. Here, we are concerned with the energy transfer process. Therefore, we match different powers by requiring that
the atomic stopping cross-section is continuous at each transition point. According to Winterbon[21], we have:

o(E,T)dT = C E ™T1™dT ()
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The value of the power m,and the constant A, are given by:

(m,2,) = (1/3, 1.309) for e s e,
= (1/2,0.327) for e, s € s ¢
= (1,0.5) for e, s €

where C, = ._l
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where e is the reduced energy £ = Efey while e; = —X2 | (g,,¢,) are transition energies, and A, and A, are the mass
a

numbers of the projectile and the target respectively.

Chou and Ghoniem [22] modified this cross-section at extremely low energies. They proposed to match the
Born-Mayer potential by using an inverse power potential with m = 0 and A, = 24 for e ¢ ;. According to the matching
procedure mentioned above, Chou and Ghoniem found that the transition energies should be chosen as (&;, &5, £3) =(2 =
10,0.369, 0.0234). For SiC, we found that a smoother matching can be obtained if we choose £, = 15. Therefore the values,
(€}, Eo, €3) = (15, 0.369, 0.0234) are used in this paper. We compared the results based on these two different matching
procedures and found that they give similar results, except that the new matching gives smoother dependence of the damage
cross-section on energy.

Governing Equations for the Number of Displaced Atoms, v;

Assume that the solid contains atoms of type iandj. If a PKA of type f travels a distance dx, it will eventually result
in a number of displacements of atoms of type i () and a number of atoms of type j (v;). Similarly, a PKA of type jwill
produce v; and v;. Conservation of atoms implies that each one of these numbers are separately conserved over all
possibilities. That is to say thatv;; is conserved before and after interaction. Therefore, we have the following conservation
equations

ALk
vilE) = ; [[ (F(E -T-E AV E -D - T(T “E ) +vi(T) ]Nkoik(E,T)dxdT
Q)

T,.

. h[ VAE - TN 0, (E Tydvdl _ (1 ¥ N0 (E)dx —Neoie(E)dx)vij(E)
k

where v, is the number of displaced atoms of type j caused by PKA of type ¢, excluding the PKA itself, I'(x} is the step
functlon N, the atomic density of specie i, 0,(E,T) the differential atomic scattering cross-section of species { and j, o; AE)
the total microscopic atomic scattering cross -section between species i and j, A; the energy transfer efficiency between
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species and j, and &,; the Kronecker delta function. The first integral represents the number of displacements v, if a PKA
(of type &) collides with target atoms in traveling through a short distance dx. The contributions to v;; are the displacements
resulting from the collision in dx, the displacements induced by the slowed-down PKA, and the displacements induced by
the SKA (Secondary Knock-on Atom). The second integral represents the number of displacements v, if the PKA collides
with electrons in traveling dx. The last term represents the number of displacements v, if nothing happens in traveling the
distance dx. The collision cascade model will be discussed in more detail in the next section. The reader is referred to
Lindhard’s work (e.g. ref 3) for further explanation of the derivation of equation (6).

L dv (E
Approximating vi{E -T,) = v(E) - Te[ v;é ) l and performingthe algebraic manipulations, we obtain the following

coupled integro-differential equations:
ALE
=Y A l[ {[FikE(T ~E) (0 *Vk,-(D)]o,-k(EJ)dT
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where S;(E) is the electronic stopping cross-section for projectile of specie i, £, the fraction of atom density of specie i in
the composite, £, the displacement threshold of specie .

Because there is no resonance in the displacement efficiency and the atomic scattering cross-section, there is little
doubt that the integration could be done attaining high accuracy by using any simple integration procedure. On the other
hand, care must be exercised in solving the coupled integral-differential equations (7). We extended the Runge-Kutta(23]
method to two coupled differential equations, and the numerical extension procedure of Runge-Kutta method to 2 coupled

differential equations is given in Appendix A.

Collision Cascade Model

A PKA (of type #) traveling a short distance in binary ceramics may have several collision channels. The PKA may
collide with an atom of specie k (k may represent S or C) and transfer an amount of energy T to the atom. There will be
slowed-down PKA'’s with energy (E-7) and SKA’s with energy T after the collision. Both the slowed-down PKA’s and
SKA’s will continue to displace lattice atoms as long as they are energetic enough. If the energy of the PKA is high enough,
there will be a series of displacements initiated by this single PKA. Since the free path of a heavy ion is small, displacements
will occur locally, and a displacement cascade ensues. In this process, the minimum energy transferable is the displacement
threshold energy, E , of the target atom, which is 92.6eV and 16.3eV for silicon and carbon, respectively [24]. In order
lo transfer this amount of energy from specie i to specie k, the knock-on atom of specie { must have energy no less than
E, /A, Below this energy, a knock-on atom of specie i cannot displace an atom of specie k anymore and the knock-on atom
is captured.

Capture events are treated via a threshold capture energy value represented by the step function I'(£ - T - £,,/A;). In
the event that = j (i.e., similar species), A,; = 1and the minimum energy required for displacement is £;;. When the species
are different, the minimum energy requwed is E;/A;;. This procedure is equivalent to the treatment glven by Parkin and
Coulter [6]. However, in our calculations, the dlsplacement cross-section is found to be insensitive to the capture events.

The PKA may collide only with electrons in &x and not cause displacement. The energy transfered to electrons, T,
is used in electronic excitations. The PKA is left with energy E - T,, which will be used in displacing lattice atoms or
exciting electrons in the subsequent steps.

The PKA may collide with nothing in dx and keep its original energy E, which will then be used in displacing lattice
atoms or exciting electrons in the subsequent steps.
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The Primary Recoil Spectrum

When a diatomic material is irradiated by a neutron, PKA's may be of type i or type j. The primary recoil spectrum
(PRS) depends on three factors: (1) the neutron scattering cross-section with each specie, (2) the anisotropy of neutron elastic
scattering cross-section, and (3) the neutron spectrum. The number of PKAs of type i per unit energy at energy E is defined
as:

E ,max
P{E) = J' ®E) Y 2m0,E,.0) dcosd dE, ®
E_min f=all channels dE

where ®(E,)dE,, is the neutron flux from energy E, to E, t dE,, 6,4E,0) is the differential scattering cross-section of a
neutron with specie i in nuclear channel ¢ (e.g., elastic, (n,n"), (n,p), (&), (ny) nuclear reactions). The neutron spectra
[15,16,17] for several facilities are shown in figure (1). The neutron elastic cross-section of silicon at low energies (E,, s
2 MeV) is given by Hughes and Schwanz [26]. Other neutron cross-sections are obtained from the ENDF-V library [25].
The reasons for this choice are two fold: (1) the neutron elastic cross-section of silicon at low energies is not available in
ENDF-V, and (2) the neutron elastic cross-section of carbon deducted from the total neutron cross-section given by Hughes
and Schwartz{26] is in good agreement with that obtained from ENDF-V [25]. The neutron elastic cross-sections for silicon
and carbon are compared in figure (2) [25,26}

For the elastic collision channel, we have:

2
Emin =0 Emax = AniEn = (9)

dcos0
AL,

dE

where A,; is the energy transfer efficiency between a neutron and specie i. For the {n,y) nuclear reaction channel, we find
that the minimum (E,,;,) and maximum (&,,,.) transferred energies are given by:
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Figure - Neutron spectra in several fusion and fission facilities
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Figure 2: Comparison of neutron elastic scattering cross-sections of carbon and silicon
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where c is the speed of light, A; is the mass number of specie i, B; = A; t 1 -x the mass number of the resulting atom in
reaction, Q;, the neutron reaction energy of specie i in channel ¢, s = AgfA; a scale factor which accounts for (n,a) and
(n,y) reactions.

There are several reasons of using s to acwunt for {n,c), (n,p) and (ny) channels. First, a (n,a) reaction produces a
PKA that is dramatically different from the lattice atom. The associated Q-value is large, while the cross-section is small.
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Secondly, the PKA is not too much different from the lattice atom in {#,p) and (r,y) channels, as far as the electronic
stopping power and atomic scattering cross-section are concerned. The last and the most important factor is that even for
fusion neutron spectra, the neutron elastic collision channel still dominates. All other channels contribute a small fraction
of the total cross-section. But if neutron sources with higher neutron energies are used, non-elastic nuclear reaction channels
have to be carefully studied.

In the present study, we only consider elastic, (nz"), (np), (n,e) and (r,Y) nuclear reactions channels because other
channels have very high Q-values (2 10 MeV), small cross-sections or both, for neutrons with energy less than 15 MeV.

The Displacement Cross-section and Damage Rate

We define the partial displacement cross-section as

dcosﬁ

[viAE) +8; ] dE (14)

O{E,) = 2n J sou(E",B)

=all channels .

Because each specie in a polyatomic material has different neutron cross-sections, the probability that a neutron will collide
No, (E)
3 No(E)

proportional to the atomic density of specie . Based on these arguments, the partial displacement cross-section for lattice
atom i is given by:

with specie i is However, the probability that a PKA will collide with specie ¢ is simply assumed to be

Ulatlmez = fz Nk ‘JC( ”)

- TSEy Y )

where o, ,(E,) is the total neutron microscopic cross-section of specie k, Z(E,) the total macroscopic neutron cross-section
of the composite.

The displacement damage rate of specie ¢ is given as

E

Riicei = f Opice i (E) VE)IE,, (16)

E,

The total displacement cross-section and total displacement damage rate are simply given as the summation of the partial
displace ment cross-sections and partial damage rates respectively. Similarly we can define the partial displacement
cross-section corresponding to PKA of type ¢ as:

1 l,l( )Efk 1}(E") (17)

OpgailEy) = SE) 2

The corresponding displacement damage rate Rpy 4 ; can be calculated in the same way as for Ryqice ;-

Cascade Stoichiometry

It is clear from the formulation presented here that the displacement damage rates of various elements in a polyatomic
solid can be vastly different. If the displacement damage rates of various elements are not in proportion to their stoichiometry
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in the matrix, the possibility of non-stoichiometric microstructure formation will exist. Asymmetries in displacement threshold
energies for various elements in the material, different nuclear reaction cross-sections, and different electronic energy loses
for various elements in the material can lead to non-stoichiometric cascades. Let's now define the displacement cascade
stoichiometry ratio as:

R....
Sij —  lattice _Smm (18)
Rlattioej

where §,,,, is the thermodynamic stoichiometric ratio of the matrix, which is 1 for stoichiometric SiC. If §;; is zero, then the
cascade stoichiometry is the same as that of the matrix, Otherwise, the cascade is considered to be non-stoichiometric.

To gain insight into the type of PKA which results in more damage, we define the PKA damage ratio as:

R .
- PKA
R o )
' BpKa;
1

Results

The electronic stopping power of carbon in carbon is shown in figure (3}, where equations (1-3) are used. The general
fit given by equation (3) gives good agreement with the experimental data reported by Northelitfe[20]. It is noted that the
electronic stopping power at high PKA energies deviates substantially from the Lindhard's model. For carbon PKA with
energies greater than -2 MeV, the Lindhard's model would tend o overestimate the electronic energy loss. Thus for fusion
neutrons, this effect is expected to play an important role. For silicon, however, the deviation from Lindhard's model at PKA
energies relevant to fusion applications is small.

N
o

x Northcliffe

| .- Bethe-Bloch
-  ——— Lindhard

- —— Matched

Electronic Stogping Sower ( x10° MeV-m?/kg)
|
o o

Figure 3: Comparison of experimental and theoretical electronic stopping powers for carbon in carbon.
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The primary recoil spectra for carbon and silicon based on equation (8), under several neutron irradiation conditions,
are shown in figures (4) and ®. It is seen that the primary recoil spectrum resulting from fusion neutron irradiation and that
resulting from fission neutron irradiation are very different at high PKA energies. This fact directly corresponds to the
differences of the neutron spectra shown in figure (1). The result may have important implications for the simulation of
fusion neutron damage with fission neutrons.

The fraction of energy which is dissipated in atomic displacements rather than heat is defined as the damage
efficiency. This fraction is shown in figure (6), where we show & as the fraction of energy used in displacements in the
process that ion i displaces in several fusion and fission facilities lattice atoms j. It is seen that the damage efficiency for
carbon is lower than that for silicon, particularly at higher energies, because of the higher electronic stopping power of C
in SiC. At high energies, although the electronic energy loss decreases as a function of energy, the scattering cross-section
decreases at a faster rate, with the net effect being a decrease in the displacement efficiency. This is exemplified for carbon
ions at high PKA energies in figure (6). There are two factors which determine the number of displaced atoms by a given
transferred energy: (1) the electronic stopping power, and (2) the displacement threshold. Figure (7) de monstrates the energy
dependence of the number of displaced atoms, v;;, obtained by solving the coupled integro-differential equations.

The partial displacement cross-sections defined in equation (14) and the total displacement cross-section are shown
in figure (8). The important fact to mention here is that the displacement cross-section of SiC is very different from that
of steel, as calculated by Doran{3]. If the neutron spectrum is composed mainly of fast neutrons (0.1 MeV = E, s 1 MeV),
the displacement damage rate of SiC will be larger than that of steel. On the other hand, if the neutron spectrum is composed
mainly of fusion neutrons, the damage rate of SiC will be smaller than that of steel. The reasons for these can be seen by
referring to figure (2). The nuclear elastic cross-section of Si or C is higher than that of iron in the neutron energy range
(0.IMeV - IMeV), and lower than that of iron for fusion neutrons.

Based on equations (15), the partial displacement damage rates of silicon and carbon, the total displacement damage
rate and the two fractions defined in section 3 are calculated for typical fusion reactors, a fast fission reactor, a mixed
spectrum reactor and a thermal fission reactor. The calculated results are listed in table | below. From the table, one can see

Normalized PRS of Carbon (MeV”I)
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Figure 4 Primary recoil spectra of carbon in several fusion and fission facilities.
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Figure 5: Primary recoil spectra of silicon in several fusion and fission facilities.
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that thermal neutrons don not result in significant displacement damage in SiC. The displacement damage rate for a typical
fusion reactors is on the order of —15 dpalyear for 1 MW/m? neutron wall loading.

TABLE |
’i
AREIS-4 | PROMETHEUS | FFTF HFIR NRU
; b [ref 17] [ref 16] [ref 15] | [ref 15] [ref 15]
| | |
| 115 | 137 625 32.7 214 |
21 2.5 11.2 58 3.8 ‘
L 136 ; 162 o7 | ms  ®m2
] | 45 45 4.6 46 \ 46
© o2, 033 03 034 034
Location . first wall first wall midplane | Instrumented Markiv fast
i%ﬁ | ) in MOTA position neutron rod
| Normalization | MW-Y/m? | MW-Ym? 107 n/m? | 107 njm? 107 "/‘“i ____,
CONCLUSION

The results of our calculations reveal many features of the displacement damage process for SiC in a neutron environment.

Salient conclusions are given below:

(1)

(2)

3

4

The total displacement cross-section of SiC for epithermal neutrons is small. However, the displacement cross-section for fast
neutrons (0.1MeV s E, s 1 MeV) is larger than that of steel. The damage rate is also smaller than that of steel for fusion
neutrons. This may have important implications for the simulation of fusion neutron damage with fission neutrons. Therefore,
fast reactor irradiation will accelerate damage production in comparison to fusion reactors.

The local stoichiometry of SiC will be dramatically changed after irradiation, because carbon atoms are easily displaced due
to their small displacement threshold. Approximately 80% of the displaced atoms will be carbon-type. It is experimentally
found [27] that SiC does not amorphorize if the irradiation temperature is above 650°C. The thermo-chemical driving forces
for recrystalization are strong enough to restore the best stoichiometry.

The displacement damage rate for typical magnetic confinement fusion conditions is around 14 dpalyear for 1 MW/m? neutron
wall loading, that for typical inertial confinement fusion conditions is around 16 dpalyear for 1 MW/m? neutron wall loading,
that for FFTF is around 74 dpa per 10?7 n/m?, that for HFIR is around 39 dpa per 10*” n/m?, and that for NRU is around 25
dpa per 10?7 n/m®. The damage rate is sensitive to the neutron spectrum, i.e. the design.

The interpretation of simulation experiments with energetic particles (up to 100 MeV) requires further analysis. Non-elastic
neutron scattering channels will become important in this case. Subsequently, the number of PKA species will be larger than
the number of lattice species.
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FUTURE WORK

Radiation effects modeling efforts at UCLA will focus on microstructure evolution in irradiated SiC,
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TRANSMUTATION OF COPPER IN FFTF AND STARFIRE - F. A. Garner and L. R. Greenwood, Pacific Northwest
Laboratory® and F. M. Mann, Westinghouse Hanford Company

OBJECTIVE

The objective of this effort is to determine the origin of radiation-induced changes in the electrical
conductivity of copper alloys in both fission and fusion environments.

SUMMARY

Calculations of the transmutation of pure copper in the recent MOTA-2A out-of-core experiment yield
somewhat different values than expected from previous calculations for earlier MOTA in-core experiments.
The differences arise not only from position-dependent spectral variations but also from changes in neutron
flux and spectrum associated with the placement of the CDE experiment in FFTF. In addition, there has been
a re-evaluation of the cross-sections for transmutation. The resulting differences between the current and
earlier predictions for the original FFTF core loading are that the zinc concentration is significantly
higher and the nickel concentration is somewhat lower in the current calculation. Relative to the original
core loading, however, the production rate per dpa of both nickel and zinc in the MOTA-2A experiment in the
current core loading is increased due to spectral softening arising from both the new CDE core and the out-
of-core location.

Although the nickel transmutation rate increases significantly in the STARFIRE first wall neutron spectrum,

the nickel-to-zinc transmutation ratio is also reduced compared to that of previous calculations, with the
difference arising only from the re-evaluation of the transmutation cross-sections.

PROGRESS AND STATUS

Introduction

Starfire
3.6 MW/m2

In a previous series of calculations using the
REAC computer code,'™ it was shown that pure
copper irradiated in FFTF would develop a
significant amount of nickel during a typical
irradiation in MOTA, as shown in figure 1. A
lesser amount of zinc was calculated to be formed.
These reports also showed that the Ni/Zn ratio
would increase substantially in a typical fusion
reactor (STARFIRE) spectra. These two elements
significantly reduce both the electrical and
thermal conductivities of copper, with nickel
exertipg the largest influence on a per atom
basis.” Thus, irradiations in FFTF produce
conductivity changes that are lower than that

FFTF Core Center expected in fusion spectra.
400 MW

Nickel

Zing

Concentration, at, %

The previous FFTF calculations were based on the

& assumption of continuous irradiation in the center
of the original FFTF core operating at 400 MW.

The current core configuration is different,
however, and operates at 291 MWW with a somewhat
Zinc softer neutron spectrum.® These differences in
neutron environment are consequences of core and
reflector changes associated with the placement of
the Core Demonstration Experiment {CDE} in FFTF

- Nickel
Nickel

e Cycle 9. These changes influenced the fluxes and
¢ e l L ’ | spectra of MOTA-1E and beyond.
) 1 2 3 4 5
Time, Years The neutron spectrum and flux are also functions

of axial positien in the MOTA. While early copper

. . irradiations were copducted at in-core locations,
Fig, 1. Previously repo%*ted REAC-calculated values of  pggt current copper irradiations are being
transmutation products of pure copper at core center of Cy s
the original core of FFTF and the STARFIRE first wa1)  conducted at positions near or below the bottom of
fusion spectra. 3 the core where the neutron spectrum is softer.

Since MOTA 2A contained the most extensive set of

'Pacific Northwest Laboratory is operated for the U.S. Department of Energy by Battelle Memorial
Institute under Contract DE-ACO6-76RLO 1830.
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Fig. 2.

current FFTF core loading at (a) -1 cm,
{c) -62.9 cm, measured from the core center.

Current STAY'SL calculations of three major
transmutation products in pure copper in MOTA-2A in the
(b) -49.2 cm,

dosimetry monitors employed in any of the MOTAs,
the transmutation of pure copper was recalculated
for this MOTA especially for below-core
positions. In order to evaluate the impact of the
re-evaluated cross-sections and the various
changes in neutron flux and spectra, two sets of
calculations were performed.

In the first calculation the reaction rates in
MOTA-2A were determined from spectral analyses
using the exact run history of 300 EFPD at 291 MV
with two shutdown periods between the three
reactor cycles of -100 days each. Calculations
were performed at three MOTA positions where
spectral measurements were performed ; namely, -1
cm, -49 cm, and -63 cm, all measured from core
center. The -49 and -63 c¢m positions define the
upper and lower boundaries of the MOTA below-core
basket. The most important reaction rates were
calculated directly by the STAY'SL computer code.®
The weaker reaction rates were estimated using
ratios of known cross-sections. One of these
cross sections, wvolving the partition of the
products of the *Cu (n,y) reaction has been
re-evaluated, changing significantly since the
first set of calculations was performed.

In the second set of calculations, the original
set of calculgtlons were repeated using the
re-evaluated “Cu (n,y) cross section for both the
original FFTF core center and the STARFIRE first
wall fusion reactor spectra.

The principal reactions considered in both sets of
calculations were (n, ¥), (n, p)é %n), and (n,
a) for the two copper isotopes ’(3Cu and (n,
¥) on other isotopes as they formed from copper
The calculations were performed by numerically
integrating the differential eouations for each
atomic species, starting with pure, natural

copper. _The other atomic sp c1es conS| ered Were
‘"‘Cu Cuﬁs Ny, SJN ni 81n, %zn,
and °®Co. This carrred the calculatlons to the

second order, which was clearly sufficient,
Jjudging by the small oroduction of manv of the
species.

Four of the transmutants are radioactive with
half-lives sufficiently short that they will decay
substantially during the MOTA 2A lifetime. They
were allowed in the calculation to decay both
during and gfter |rrad|at|on *Cu decays very
quickly to "*Zn and ®Ni, and *®Cu decays rapidly
to ® Zn. ®in decays, back to ™Cu and *’Co decays
at a slower rate to “Ni. Ni is also
radioactive, but its decay is minimal since its
half-life is 100 years.

Results and Discussion

The results of the STAY'SL calculations are shown
in figure 2 and listed in tables 1-3. Although
calculations were performed for each day of
operation, summaries are listed only for intervals
of 20 days for a total of 700 days. The MOTA-2A
irradiation ended at 439 days 1ng]ud1n% the
interim shutdown periods. Only ™1, ®®Co, and

In are seen to change significantly by decay in
the post-shutdown period.



Table 1.
the core center.
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STAY"SL-calculated transmutants in pure copper

Copper Tramsmutation :in

Day

20,
40,
60.
EO.
100,
LZ0.
140.
160,
1890,
Z00.
220.
240,
260.
280.
100.
320.
340,
360
1£0.
500.
520,
‘e,
450,
$BO.
500.
520.
540.
560.
580,
500 .
620.
640,
6€0.
680.
700.

Table

the core center.

FFTF MoTa-za,

CuAd Cugs NieQ
4,9123E-01 3.0B2E=C. 5.054E-10
5,908E-0r 3.081E-CL 2.137E-0%9
5.904E=0) 3.0BOE={L ¢ .982E-09
£,901E-0! 3.0BQE~0Q0> . Z22E=-08
6.90.E=C1 3.080E-0_ . 772E=08
&, 9C1E~01 3.080E-C- zZ.318E-08
€.899E-01 3.075E=0Q. :.885E-05
&.,5837E-01 3.079E-0. 3.5145-0S
6.393E-01 2. _ 4.265E-08
5,888E=01 3. L,184L-0%
6.BB4E-Q1 2.077E~C. £.,2Q09E~08
6,880L~01 3.078EZ-C. T.3199E=08
&.875E-01 2.0753E-C- E.733L=-0%8
&,B71E~0) 3.074E~C. 1,02 E~07
§.848E-01 3.073E=CL L L82E-07
£.,868E~01 3,073E-CL L.344E-07
6.868E-01 3.0730-0. 1,808E=07
6,86BE-01 3,073E-0. :.886E-07
5,8464E-01 3., - 1.833E-07
6.839E-01 2. Z.014E=07
&,855E-01 3. Z.208E-07
€.B31E~QL 3. 2.418E-07
&.851E~01 1. LEI2E-07
&.851E-01 3. 2.844E-07
£, 851E-01 3. 3.085E-07
&,851E-0y 3, T 3284 E~OT
€.851E=-01 2,Q070E-C I,472E-07
5.85%1E-01 23.070-0C. 1.878E-07
5.851E-01 3.070E-C. 3.883E-07
6.851E-01 3 070E-CL & .08&E-~07
5.851E=01 3.070E-0. ¢.288E-07
6.851E-01 3.Q07Q0E-C. 4.%8BE-07
6.851E-01 3.070E-C. 4.6B7E=07
6.851E-01 3.070E-C. 4.885E=-07
8§,8%LE=01 3,070E-0. 5.081lF=-07
2. STAY"SL-calculated

Copper Transmutation IN

Day

Cusl

LE213E=01
LE10E-0L
V908L-01
LE0eE-0L
LS04 E-01L
LG04E-01
L902E=01
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465 E-06
$29E-08
J83L-0%
128E-06
128E-08
J28E-08
0E2E-08
630E-06

7LE-06

.506E-06
.0%4T-05
.236L-05
.378Z-05
W 519E-05

.O30E-05
.162E-05
.1625-05
L162E-05
.1862E-035
L162E-05
-162E-05
.162E-05
.162E~05
.162E~D5S
.162E~05
.162E-05
.162E-05
.162E-05
.162E-05

transmutants in pure copper

FFTF MoTa-z2,

NigD

C281E-10
.BB5E-10
L 874E-09
y482LE-09
L02%E-02
CEE8E-0%F
.174E-09
-933E-09%
L 208E~03
W463E-08
.759E-08
L U95E-08
LG THE-08
LBFIE-08
L349E-C8
.810E-CE
,287E-03
LFZLE-GE
.185E-08
-T08E-Q8
L261E-08
.833E-08
.459E-08
.061E-08
.658E-06B
.251E-CE
.B40E-08
L Q42E-07
.101E-07
.158E-07
W213E-Q7
.272E-07
.329E-07
.385E-07
«440E=07
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-49.2 cm

N.&2 N153
L410E-08 4 427E-07
 &21E-08 6.840E-07
LZJ1E-0B 1, 324E-08
LL4GE-Q08 1.509LE-08
.L49E-08 1.8089E=08
.149E-08 1.809E-0%
LES5E-08 L. 828E~0%
,22:E-08 2.003E-0%
LE36E=08 2. 429E«0%
L, 256E-0E 2,574T-058
LIU68E~07 3.307E-08
Z11E~C7 3.7219LC=058

S53E-07 4.170E=08
299E~-07 4,599E-06
.3%$3E-07 4.877E-06
.3€3E-0T7 4. BVTE=08
.363E-Q7 4,877E-08
LEQJE-Q7 4 .877E-058
.TI7E~07 5.304Z-06
LB383E-07 S.729E=08
L029E-07 5. 153E-08
L169E~CT7 £.,554E=05
.L69E-07 6.554E-06
L 169E-07 6.554E-06
.L69E-07 £.554E-0C4
L169E-07 &,354E=08
LL69E-07 £,55¢E-08
L1E69E=-07 8.354E-06
.169E-07 6.334E-08
L69E=07 6.534E-06
L IB9E-07 &,554F=08
LLB9E-07 &.554E-08
LI89E=07 6,354E-08
,269E-07 6.554E-06
.269E-07 §.554¢E-08

irradiated in FFTF-MOTA 2A at one centimeter below

Nigs

LTA4E-Q4
L485E-04
. 223E-04
.000E-03
-00CE-03
.00CE-0C2
.137E-G3
L247E-C3
L 320E-D2
.793E-03
L0BEE-02
L 3ISE-0D
LE12E-03
L 884E-03
.061E-03
COBLE~DD
CU6L1E-0D
LCB1E-03
.333E-03
LERODSE-R3
.877E~02
. 135E-03
: TESE=0S
.135E-03
L 1I5E-03
«135E-02
L L353E-02
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.115E-03
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L E12E=02
L Li2E-03
LG12E=-02
CAL2E-03
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GO0L-04
900E-04
90CE-04
707E~04

L IPTE-04

964E-04
057E-Q3

L. 218E-03

379L-03
SA0E~03
700E-0Q3
3035-0)
805E-03
BCSE-C3
B05E-C3
985E-03

L L28E-01

285E-03
437E-D2
4£37E-Q3
417E-03

L437E-03

437E-023
43I7E-01
437E-03
2 37E-03
437E-03
<:7E-03
437E-02
427E-02
437E-03
437E=-Q3

ingq

.334E-04
L BEBE-04
.000E~-D4
V358E-04
L BAEE~-04
.B&EGE-04
LES2Z2E-04
L DE4E-D4
L 2I94E-04
L 724E-04
L 008E=03
.138E-03
L 2T LE~03
L 403E=-02
.4&B9E-0Q3
.4B9E-03
.4B89E~03
L 48%E-0)
LE22E-03
.754E-03
LBERE-03
,QLIE-03
L OL2E-03
LOLZE~O32
L QOLZE-DTD
LOLZE-O3
LP1ZE-03
L012E=-03
COL12E-G3
L QIZE~Q2
LOL2E-O3
LB izE=03
LOL2ZE=03
LO12E-03
LOL2E-073

Znes Zngs
1,375E-08 38.33%58E~-0%
§,015E-08 1.711E-04
1. 313E=07 z,588E-02
1. 874E~07 3, 121E-04
L.770E=07 3, 12.E-04
1. 872E-07 3, 12:E8=04
2.162E-07 3.549E-0C4¢
2.544E~-07 3.B90E=04
3.308E-07 4,745E-04
5 455E-07 5.599E=-04
7.202E-07 6.453E-0¢
Q.:32E-07 T.3C07E=0¢
LLL2IE-06 &, 180E-04
1,349E-08 2,.014E=D4
1.475E-06 9.568E-04
1.393E=068 9.368L-04
1.318E=08 9.568E-04
1.243E~048 2.5688E-02s
1,5L0E=06 1.042E-03
L. 789E~06 1,127E-0Q3
2.98GE-08 L.ZL3E-02
2,3530=08 1.2%4E-03
2,229E-04 1.294E=03
2, 106E=-08 1.32%4E-02
L.989E-048 L 2%4E-02
1.879E~Q% L, 294E-03
1,778E-08 1.2%4L~032
1.677E-08 1.294E-03
1.584E-08 1L,294E-013
1.4%8E-06 1.294E-03
1.413E-06 1.294E~0C3
1,335E-08 1.294E-032
1,261E-08 1.294E-02
1,1%2E-08 1.2%4E-03
1.128E-08 1.2%4E-013
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L 2BaE-08
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CFBGT-08
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LH2ZLE-08
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L83HE-UE
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.78 E-08
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L 758E-06
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centimeters below

née

.055E-05
«411E-04
.116E-04
+574E-04
.574E-04
.5374E~04
.927E-04
.202E-04
.913E-04
-618E=04
L 322E=-04
L.Q27E-04
V731E-04
.435E-04
.892E-04
.892E-04
.B92E-G4
.B92E-04
.596E-04
. 30Q0E-04
.000E~-03
.067E-03
.067E~032
.067E-0D3
-067E-Q3
.067E-02
LQ067E-03
.067E-03
-DE7E-Q3
.067E-03
.067E~03
L Q6TE-03
L O67E-03
.067E-03
.D67E-0Q3
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Co80

.038E-08
.203E-07
JTB7E-Q7
-176E-07
.160E-07
.145E~-07
.431E=07
.655E-07
L 238E~Q7
L818E-07
-382E-07
.962E-07
-3Z27E-07
.089E-07
.435E~-07
.389E-07
L34IE-0T
.2%7E=-07
-BIZ3E-07
.403E-07
-95QE-07
-462Z-07
LA402E-07
L 342E-07

.2B2E-07
L222E-07
-164E-07
-1Q5E-07
.047E-07
.889E-07
W932E-07
.875E-G7
-B19E-07
.763E=-07
JTO7E-07



Table 3. STAY’SL-calculated transmutants in pu

the core center.

copper Transmutation

Day  cue3s

20. 6.5:4E-01
40. 6.S10E-01
60. 6.907E-01
60. 6.9C5E~01
100. 6.905E~Q1
120. 6.%03E-C1
140. 6.9C3E-01
160. &.9C2E-01
180. &.E99E-01
200. 6.896E-01
220. 6.8€2E-01
240. 6.BE9EI-C1
260. 6.886E-0L
280. 6.BE3E-02
300. 6.880E-QL
320. 6.880E-01
340. &.880E-01
360. &.580E-01
360. 6.877E-01
400. 6.6-<E-01
620. 6.871E=0L
44Q. 6.668E-01
460. 6.868E-01
480. 6.668E-01
500. 6.868E-C1
520. 6.868E-01
540. 6€.568E-01
560. €.58EE~01
560. 6.868E~01
600. 6.858E=-01
620. 6.568E-01
640. 6.86BE-01
660. 6.868E-01
660. 6.868E-01
700. 6.868E-01

As shown in figure 2,
of conductivity changes) are

positions for which calculations were performed,

in FFTF MOTA-2A, —62.
cubs Ni60 Nig2
3.082E-01 5.265E~11 1.607E-0%
3.082E-01 2.081E-10 7.,220E-0¢
3,.081E=-C) 4.565E-10 1.C0CB4E-08
3.081E-01 7.991E-10 1,321E-08
3.08.E-0r 1.15S9E~09 1.321E-D8
3.081E-01 1,316E-09 1.321E-08
3.080E-01 1.887E~0S 1.3504E-08
3.080E~-0Q1 2.297E-09 1.630E-~D8
3.079E~0Q01 2.789E-0S 2.01BE~-OB
3.079E-0Y 3.377E-09 2.39CE-08
2.078E-01 4,060E~-09 2.766E-08
3.078Z-01 4. 819f~0° 31.147E=-08
3.07T7E~-CL 5.7 J.533E-08
3.076E-01 &, 1.826E-08
3.076E-01 7, 4.1B4E-08
3.078E-C1 B. 4.1B4E-08
2.076E~-C1 9. 4 ..B4E-08
3.076%E=-01 1.080E-0& 4.184E-08
3,075E-01 1.199E-05 4.579E-08
3.075E-01 1.318E-08 4.9B2E-08
3,074E=01 1.4455-08 5.393E-08
3.073E-01 ..582E~-08 5,791E-08
3.073E-01 1.722E-08 5.791E-08
3.073E-01 1.861E-Q8 5.791E-08
3.073E=-01 1.999E-08 5.791E-08
3.073E-01 2.:135E=-08 5.791E-08
3.073E~01 2.271E-08 5.792.E-D8
2.073E-01 2.406E-08 5.791E-08
3.073L-01 2.540E=-08 5.791E-~08
3.073E-01 2.673E~08 5.791E-08
3.073E-01 :z.BQSE-08 5.791E-08&
3.073E-01 Z.937E~Q8 5.791E-08
1.073E-01 3.067E-08 5.791E-08
3.073E-01 3.196E-08& 5.791E-08
3.073E-01 3.224E-08 5.791E-08
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re copper

9 cm
Nieg3

.036E-07
-06SE-07
.099E-07
.767E-07
.7E67E-07
.767E-07
.279E-07
.6B9E~07
71lE-0Q7
.FI0E-Q7T
.748E-07
.7T59E-07
.768E-07
.078E-Q&
L143E-06
-143E-06
.143E-06
+143E-06
.243E-06
.343E-06
.44 35-06
.537E-06
.8537E-0¢&
.537E-086
.537E-06
.537E-06
,537E-06
.537E-08
.537E-086
.837E=-06
L 33TE=-0Q6
.5337E~06
VBITE-D6
.837E-086
.337E-06
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irradiated in FFTF-MOTA 2A at 63

Nié4

2.C59E~Q4
.118E-C4
L175E~04
,511E-04
.511E-04
.511E-0C4
L53I9E-04
.361E-04
.141E~03
L.34TE-0C3
.552E-03
.757E=-03
.962E-03
.167E-C3
.300E-03
.300E-03
.3J00E-03
.30QE-0C3
.B05E-03
.709E-03
L913E-C3
.108E-03
.108E-C3
.108E-03
.108E~Q2
.108E~C3
.108E-GC3
.108E-C3
. 108E-C3
.1C0BE-C3
.108E-C3
.108E-03
.108E-03
.108E-C3
.10B8E-03
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Znéd

«215E-C4
.429E-04
L642E-04
-430E-04
.430E-04
.430E-04
.036E-04
+S21E-04
.732E-04
.842E-04
- 152E-04
.036E-03
.1537E-03
.278E-02
.356E-03
.356E-02
.356E~C3
.356E-03
.477E-03
LBS7E-0]
.718E~C3
.6 32E-03
.832E-02
-832E-03
.B32E-03
LE32E~0C3
_832E-03
-832E-03
.832E-03
.B32E-03
.832E-C2
.832E-0C3
-832E-02
.832E-03
.B32E-0Q3

B 0 R e b s e b B b e b b 1 b B R e R AD ] OV R UV N W RO

Znés

8.878E~09
3.394E-08
.418E-C8
.059E~07
.0C0E-C7
J449E-C8
.222E-07
.450E-07
.209E-07
.089E-07
.081E~07
W178E~-07
LIT4E-07
LBE2E~07
.378BE-07
L914E-07
.476E-07
.062E-07
.5B2E~C7
.Q017E-C6
.1B3E-06
W343E-06
.269E-06
.199E-06
.132E-06
.070E-CB
.0l10E~06
.545E-07
LQ17E-~07
.518E-07
.046E-07
.601E-07
.1BOE-07
.783E-07
6.408E-07
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6.4 22E-05
1.2584E-04
1.926E-04
2.343E=-04
2.343E-04
2.343E-04
2.664E-04
2.921E-04
3.563E-04
4,204E-04
4.545E-04
5.487E=-04
6..28E-04
6.769E-04
7.185E-04
7..85E=04
7..85E-04
7.185E-04
7.826E-04
8.467E~04
$.107E-04
9.716E-04
9.716E-04
9.716E-04
9.716E-04
9.716E-04
2.716E~04
9.716E-04
¢.,716E-04
9.716E-04
2.716E-04
9.716E-04
9.716E-04
$.716E-04
9.716E-04
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centimeters below

.966E-08
-950%-08

l11E-08

.228E-08
. 475E-08
.BLLE-0B
.014E-07

145207

JZ7eE=-07
L403E-07
.483Z-07
L&73E=07
L 462Z-07

E-07

.582E-07
STQeE~07
.B3I5E-07
L8541-07
L.940E-07
.926E-07
LEL2E-07
.BSBE-07
LBESE-07
-B7LE~0Q7
.83BE~G7
.BLLE-CT
.BILE-07
.81BE-07
.B03E-07
L.782E-07
. 779E-07

show that the only significant species (from the standpoint

In, all three of which are stable isotopes. At all three
slightly more nickel than zinc was produced, with the

This invariability of the Ni/Zn ratio with neutron spectrum |s a dlre%é consequence of the fact that both

elements are produced primarily by {n,y} reactions |nvoIV|ng

similar dependence on neutron energy.
height in the core results primarily from the lower neutron flux at these lower levels.

reaction rates involve {n,y) reactions,
bottom of the core as a consequence of spectral softening.

SCu and

Both elements exhibit a very

The decrease in formation rates of both elements with decreasing
Since the primary

however,

fast as either the fast fluence or dpa rates decrease

Thus,

the transmutation rates per neutron increase toward the

the production rates do not decrease as

Note that the Ni/Zn ratio found in the STAY'SL study is much less than the ~3/1 rates shown in figure 1.
is due primarily to the re-evaluated cross-section used for zinc and nickel production from

This difference

8Cy in the current calculations.
reflecting the softer spectrum found in the current FFTF core.

production at core center,
two cases) is 0.359%, which is -14% lower than the current predicted value of 0.416%.

calculation for zinc yields a power-normalized REAC value of 0.120% vs.

The calculated individual production rates have also changed, however,
The 300 day REAC value for nickel

derived from figure 1 (after correction for the power level difference in the

A comparable

0.373% currently predicted.

the levels of nickel and zinc increase significantly relative to those of the previous calculation,
to a substantial increase {~20%, relative to the earlier calculations) in the predicted loss of electrical

conductivity.

Thus,
leading

As shown in figure 3 and table 4 the REAC calculations were repeated, using the flux/spectrum information

employed earlier for the original FFTF core loading and changing only the ‘
Note that the original 300-day core center values of 0.379% Ni and 0.165%
In are different from the current values of 0.359% Ni and 0.373% Zn.

production of nickel and zinc.

Cu cross-sections for

The Ni/In ratio at core center is

calculated to be 1.024 by REAC, and is only slightly different from that calculated by STAY'SL to be 1.108.
The bottom-of-core Ni/In ratio increases only slightly to 1.034, s

spectrally softer MOTA-2A value,

affect the Ni/Zn ratio.

till somewhat lower than that of the

the STAY'SL calculation of which does not allow spectral variations to
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FFTF Midplane 5.45 X 10** n em™s™
Atom %
Time, days Ni Zn Ni/Zn
20 0.0253 0.0247 1.024
40 0.0506 0.0494 1.024
60 0.0759 0.0741 1.024
80 0.1012 0.0988 1.024
100 0.1264 0.1235 1.023
300 0.3792 0.3705 1.023
FETF Top of Core 3.04 X 10'° n cm?s!
20 0.0173 0.0167 1.036
40 0.0346 0.0335 1.033
60 0.0519 0.0502 1.034
80 0,0683 0.0669 1.036
100 0.0865 0.0836 1.035
300 0.2600 0.2510 1.036
20 0.0247 0.0239 1.033
40 0.0493 0.0477 1.034
60 0.0739 0.0715 1.034
80 0.0985 0.0953 1.034
100 0.1231 0.1191 1.034
300 0.3650 0.3570 1.034
Time, years Ni Zn Ni/Zn
0.5 0.517 0.234 2.209
1 1.032 0.466 2.215
2 2.118 0.952 2.225
5 5.455 2.417 2.257
FFTF Midplane _
0.5 STARFIRE First Wall
' 6
5’0
m Zn e 4
§ 0.3 g
o = 3
= i
E 0.2 = 5
2 3 -
8 o g 1 // C
O ) , ‘ \ ‘ ‘ U O / I I l o O
0 50 100 ;I.50 200 250 300 350 0 1 2 3 4 5 6
Time, days Time, years
Fig. 3. Revised REAC calculations of the Fia. 4. Revised REAC calculations of the
transmutation products of pure copper at core transmutation products of pure copper at the first

center of the original core of FFTF. wall of STARFIRE.
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The validity of the revised transmutation rates calculated by REAC has been independently tested by Edwards
and Garner using the measured changes in conductivity. It appears that the predicted transmutation rates
agree within 15%of those required to produce the observed changes, slightly overpredicting the
conductivity changes. This is thought to be excellent agreement considering the impact of calculational
uncertainties and local flux and spectra perturbations arising from structural and material discontinuities
that cannot be included in the calculational procedure.

Using the REAC code with re-evaluated *tn {n,¥) reaction rates, the transmutation rates for the STARFIRE
first wall neutron spectrum and flux were calculated and are shown in table 5 and figure 4. The
significantly increased production of nickel relative to that in FFTF is primarily a consequence of the
contribution of the “*Cu{n, 2n) reaction, yielding a Ni/Zn ratio that increases slowly with exposure,
reaching 2.26 after 5 years of continuous STARFIRE operation.
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3.0 MATERIALS ENGINEERING AND DESIGN REQUIREMENTS
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4.0 FUNDAMENTAL MECHANICAL BEHAVIOR

No contributions.






53

5.0 RADIATION EFFECTS, MECHANISTIC STUDIES,
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ANALYSIS OF DISPLACEMENT DAMAGE AND DEFECT PRODUCTION UNDER CASCADE DAMAGE
CONDITIONS — S.J. Zinkle (Oak Ridge National Laboratory) and B.N. Singh (Ris@ National Laboratory)

OBJECTIVE

The objective of this study is to review the available information on production of freely migrating defects, and to
introduce a new framework for describing defect production under cascade damage conditions.

SUMMARY

The production. annihilation, and accumulation of point defects in metals during displacive irradiation is dependent on a
variety of physical conditions, including the nature and energy of the projectile particles and the irradiation temperature.
This paper briefly reviews the evolution of the defect population in an isolated displacement cascade, and outlines a
proposed framework for identifying the relevant components of displacement damage and defect production under
cascade damage conditions. The most significant aspect of energetic cascades is that the concepts of atomic
displacements and residual defect oroduction must be treated separately. An evaluation of experimental and computer
defect production studies indicates that the overall fraction of defects surviving correlated annihilation in an energetic

displacement cascade in copper decreases from about 30% of the Norgett-Robinson-Torrens (NRT) calculated
displacements at 4 K to about 10% of the NRT displacements at 300 K. Due to differences in the thermal stability of

vacancy versus interstitial clusters, the fractions of freely migrating defects available for inducing microstructural
changes at elevated temperatures may be higher for vacancies than for interstitials. The available evidence suggests

that the fraction of freely migrating vacancies at temperatures relevant for void swelling in copper is -5% of the
calculated NRT displacements.

PROGRESS AND STATUS

1.0 Introduction

Steady progress has been made over the last 40 years in understanding the physics of displacement damage
processes in metals. The number and spatial distribution of displaced atoms in a displacement cascade is dependent
on the mass, electrical charge, and energy of the projectile particle. along with the temperature, crystal structure and
mass of the host lattice. Early attempts to calculate the number of atomic displacements occuring during irradiation
were made by Kinchin and Pease' and Snyder and Neufeld.2 A modified version of the Kinchin and Pease model
known as the NRT model® is generally accepted as the international standard for quantifying the number of atomic
displacements in irradiated materials. This achievement allowed experimental tests performed in different irradiation

sources to be directly compared on a standard basis. According to the NRT model, the number of Frenkel pairs (Np)
generated by a primary knock-on atom (PKA) of energy E is given by

_x(E-S,) _xS,

No
2E, 2E,

, S, >2E,/x (1)

where x is the "displacement efficiency,’ S is the energy lost to electron excitation, Sp is the damage energy, and Epy is
the threshold displacement energy.® Binary collision calculations indicated that the 'displacement efficiency" was
constant. K= 0.8, for PKA energies above 2Ep and extending up to 100keV if an energy threshold criterion was used to
define stable defects.4 Integration of the NRT damage function (Eq. 1) over recoil spectrum and time yields the
calculated atomic concentration of displacements, commonly known as the NRT displacements per atom (dpa).

Application of the NRT model to radiation effects studies requires the implicit assumption that the residual defect
concentration is equal (or at least proportional) to the calculated number of displacements. The criterion for the
formation of a stable displacement in the NRT model (which is based on a series of isolated binary collisions) is simply
whether the struck atom acquires a kinetic energy greater than Ep. The spatial distribution of displaced atoms and the
possibility of subsequent interstitial-vacancy annihilation within an energetic displacement cascade are not addressed
in the NRT model. Molecular dynamics (MD) calculations indicate that the cascade region associated with energetic
PKAs consists of a collection of highly agitated atoms in a severely distorted lattice (as opposed to individually
resolvable Frenkel pairs).3-7 These computer simulations suggest that the basic concept of Frenkel pairs is
inappropriate for describing defect production in energetic cascades. In addition, numerous computer simulation and
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experimental studies have found that, for PKA energies greater than about 0.5 keV, a substantial fraction of the
displacement damage is annihilated via interstitial-vacancy recombination as the energetic cascade cools to thermal
equilibrium even for irradiations conducted at 4 K.3-11 This results in a fraction of residual defects (relative to the NRT
calculated displacements) that is dependent on the PKA energy. Hence, the NRT model for atomic displacements is not
a physically realistic indicator of defect production under cascade conditions. At best, the NRT model is a reasonably
good correlation parameter for defect production under certain circumstances, e.g., for comparing radiation effects in
two similar PKA irradiation spectra.

This paper briefly reviews the present understanding of the production, annihilation, and accumulation of point

defects under cascade damage conditions. As noted by several authors, the NRT dpa unit does not provide sufficient
information for accurately modelling radiation damage processes that occur when displacement cascades are

present.12-19 A proposed framework of displacement damage and defect production parameters (scaled as fractions of
the NRT calculated displacements) that are useful for describing radiation damage processes is outlined in this paper,
with particular emphasis on the migrating defect fraction. All of these damage parameters refer to an isolated
displacement cascade; intercascade interactions must be separately accounted for in rate theory models, as discussed
in Section 3.1.1. Published experimental and computational results are analyzed to obtain information on the
dependence of these damage parameters on PKA spectra and temperature.

2.0 Evolution Of An Isolated Displacement Cascade

The creation and subsequent decay of a displacement cascade may be conceptually divided into at least three
overlapping stages.10:20 The collisional phase lasts ~1¢-13s, during which all of the collisions transferring energy >Ep
occur. Annihilation, in-cascade clustering, and replacement events occur during the relaxation and cascade cooling
phase, which lasts ~10-11s. If the irradiation temperature is sufficiently high to allow thermally-activated defect migration.
then a diffusional interaction phase ensues during which the mobile defects interact within and outside of the cascade
region to form clusters or annihilate via recombination or at sinks.

2.1 Collisional Phase

Computer simulations have found that displacement cascades are formed in metals for primary knock-on atom
energies greater than about 1keV.4.7.8,10,16,20.21 According to MD calculations, a high density of displaced atoms are
generated in a spatially localized region within a time period of a few tenths of a picosecond.5.7.19 The number of atoms
that are displaced from their lattice site during the collisional phase is much greater than the NRT calculated displace-
ments -- most of the displaced atoms recombine with vacant lattice sites during the subsequent cascade cooling
phase_10,22

Due to ballistic ejection and replacement collision sequences by interstitials, the distribution of defects in a
displacement cascade is spatially segregated into a vacancy rich core and an interstitial-rich periphery.5.7.10.21,23-25
As discussed later. this high concentration of spatially segregated defects may significantly influence the fraction of
clustered or isolated vacancies and interstitials that survive the cascade quench. The size of the displacement cascade
increases with increasing PKA energy up to a threshold vaiue.2> Above this threshold PKA energy, multiple distinct
damage regions (subcascades) are produced instead of a single large cascade. Well-defined subcascades begin to
form in copper for PKA energies above about 20 keV,20.25-30

2.2 Annihilation and Clusterlna of Point Defects durina the Cascade Quench

At the end of the collisional phase, atoms within the cascade region possess a high mean kinetic energy. The
kinetic energy imparted to the atoms by the PKA is subsequently dissipated in the lattice within a time scale of ~10-11s.
Figure 1 shows the geometrical distribution of clustered and isolated defects near the end of the cascade quench phase
(12.5 ps), as determined from a recent MD simulation of a 25 keV PKA in copper irradiated at a temperature of 10 K.20
Numerous computer?.16,20.29 and experimental31-35 studies have found that a substantial fraction of the vacancies and
interstitials present after the cascade quench are in clustered form. The center of the cascade region contains primarily
vacancy defects. whereas interstitial defects occur predominantly near the cascade periphery. A recent MO simulation
has also reported evidence for punching of an interstitial prismatic dislocation loop from the periphery of a 25 keV
cascade core in copper.20



57

ORNL-DWG 93-1521

Computer simulations have found that residual
agitation in the lattice causes considerable rearrangement
of the atoms within the cascade region as the cascade
approaches thermal equilibrium.5,10,16,20,36 This atomic
mixing may be quantified by the displacement mixing factor
(DMF). defined as the number of replacements (lattice site
rearrangements) relative to the NRT displacements
occurring during the collisional and cascade quench
phases. The number of replacements {Ng) is monitored
experimentally or by computer simulation by utilizing
random walk diffusion theory. The diffusion coefficient for
atomic mixing (Dm) after Ng uncorreiated jumps in a time
intervalt can be approximated for large Ng by

[001]

D,, =N < > /6t (2)

where <r2> is the mean square length of the individual jumps,
which is approximately equal to the square of the nearest
neighbor distance.6.37.38.3% The DMF includes lattice mixing
contributions from both the collisional phase and the
subsequent cascade cooling phase. Recoil mixing and order-
disorder measurements have found that the number of atomic
replacements per dpa is on the order of 100 for energetic PKA

Fig. 1. View of the defect configuration after
12.5 ps for a 25 keV PKA in copper at a lattice
temperature of 10 K, according to a recent MD
calculation.20 The filled circles represent interstitials
and the open circles represent vacancies. The arrow
points to a large prismatic dislocation loop containing  .;spades 22,37-40
17 interstitials.

Recent molecular dynamics studies have led to a resurgence of the Seitz and Koehler4! thermal spike model of
displacement cascades.?.7.22.42  According to this model, interstitials which are transported via ballistic ejection or
replacement collision sequences to the periphery of the cascade region will preferentially escape recombination during
the cooling of the thermal spike. This results in a segregated distribution of clustered and isolated interstitials near the
outer boundary of the cascade, and a corresponding fraction of clustered and isolated vacancies near the center of the
cascade. Several experimental measurements and MD calculations on atomic mixing support the thermal spike
concept. For example, the amount of atomic mixing in Cu has been found to be about three times higher than that in Ni
for a 5 keV PKA.S This difference has been attributed to the lower melting temperature for Cu. which causes the thermal
spike to be larger and of longer lifetime than in Ni. Recent MD calculations have also found that the amount of mixing
increases with increasing temperature, due to the longer lifetime of the cascade and an increase in the agitated lattice
volume associated with the slower cascade quench rate at high temperatures.®.43.44  According to calculations by
Hsieh et al,43 the DMF at 700 K is four times the DMF at O K for a 3 keV cascade in copper.

For increasingly energetic PKA energies (up to the onset of subcascade formation), the fraction of defects that
survive the cascade quench has been found to monotonically decrease relative to the NRT dpa.8.7.8.11.44-53 Thjs s
attributed to two mechanisms. First, the increased mean kinetic energy within the cascade volume causes enhanced
annihilation of displacement damage during the thermal spike. More importantly, the larger cascade volume associated
with energetic PKAs ensures that fewer interstitials will be transported via ballistic ejection or replacement collision
sequences beyond the highly agitated cascade core.3*7 The defect fraction (relative to the NRT calculated
displacements) retained in a quenched cascade is therefore reduced due to the efficient defect recombination that
occurs readily within the thermal spike region.

The quenched cascade defect fraction (QDF) is defined to be the fraction of the NRT calculated displacements
that survives the cascade quench. The QDF can only be measured for low temperature irradiations, where defect
migration does not occur. This defect fraction is often referred to as a 'displacement cascade efficiency" or a 'defect
production efficiency' in the literature. However, some confusion has been introduced into the literature because
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different research groups have chosen to normalize these "efficiency" factors to either the original Kinchin-Pease
expression or the NRT displacement function, which are different from each other by a factor of 0.8 {i.e., by the NRT
"displacement efficiency"). We have chosen to adopt a neutral, descriptive terminology to avoid this possible source of
confusion.

Electrical resistivity measurements have been performed 0n several metals during irradiation at temperatures
near 4 K (where no long-range point defect migration is possible) in order to determine the quenched cascade defect
fraction (QDF).9.11.45-53 The measured value of the QDF steadily decreases from near unity for electron and proton
irradiations (where only isolated Frenkel pairs are produced) to a value of about 0.3 for 5 keV cascades in copper.
Multiple subcascades are produced as the PKA energy increases above about 20 keV.26-30 The formation of
subcascades causes the QDF to remain nearly constant for PKA energies between 20 and 500 keV in copper, with a
value near 0.3.11 Recent molecular dynamics calculations of cascades in copper have deduced similar values for the
QDF at these low temperatures.5.7.20.44

Figure 2 illustrates the recoil energy dependence of the QDF in copper irradiated at low temperature. The filled
symbols refer to experimental data,®11.45-53 whereas the open symbols are the results of MD calculations.6.20,54,55
The solid line is an eye guide through the experimental data obtained in nearly monoenergetic irradiation spectra
(electron and neutron irradiations). With the exception of the low QDF values computed by King and Benedek,5 the
MD calculations are in reasonably good agreement with the "monoenergetic' experimental data. As has been noted
elsewhere,®11 defect production measurements made with light ion irradiation sources produce QDF values that are
higher than values obtained from "monoenergetic" PKA sources for a given median recoil energy. This occurs because
long-range Coulomb interactions by the ions induce a significant number of low energy PKAs, which have an enhanced
defect survival rate compared to the median PKA energy. The rapid increase of the QDF from zero to a value =1 at very
low recoil energies (E <30 &V) may be attributed to an inability of the modified Kinchin-Pease model to describe
displacements in a polycrystalline material at recoil energies near the threshold displacement energy, ED. due to the
strong dependence of ED on crystallographic orientation.55-57
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electron58.59 and fast neutron60 irradiated copper showing
the Stage | (interstitial) recovery peaks
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23 Temperature Dependence Of The Survivina Defect Fraction

Many of the defects which survive the cascade quench are subject to correlated recombination if the irradiation
temperature is high enough to allow thermal diffusion. Figure 3 compares the amount of Stage | (interstitial) defect
recovery that occurs in copper following low temperature irradiation with etectrons®8.59 and neutrons.80 Five different
annealing peaks are observable for the electron irradiation case. Analyses of the annealing kinetics of experiments
performed with different irradiation fluxes. fluences and sample purities have allowed the first three stages {la to I¢) to be
identified as close pair (essentially single jump) recombination events.58.59.61 Substages Ip and Ie have been found to
be due to correlated (recombination with its own vacancy pair) and uncorrelated (recombination with a vacancy from
another Frenkel pair) recovery of migrating interstitials. respectively. In contrast to the electron case, the Stage |
recovery of neutron irradiated copper generally consists of only one major substage,89-66 which is centered near the
electron irradiation Ip correlated recombination substage. This neutron irradiation recovery stage has been found to be
due to interstitial annihilation events within the same parent displacement cascade. Due to the highly disrupted lattice
structure associated with an energetic displacement cascade, the concept of correlated recombination of distinct
Frenkel pairs is not applicable for neutron irradiation conditions. For the purposes of energetic cascades, we will
consider ‘correlated recombination’ to inciude all post-quench vacancy or interstitial annihilations involving defects from
the same parent cascade.

Numerous studies have established that the amount of correlated recovery (substage lp) decreases with
increasing PKA energy.34.58-63.67 Approximately 80% of the displacement damage introduced during low temperature
irradiation is recovered via correlated recombination in electron-irradiated copper,58.59.61 compared with -50%
correlated recovery for thermal neutrons80.61 and only -30% for fast neutrons.81-66 Since correlated recombination is a
diffusion process, it can be suppressed by solute additions that act as interstitial traps.61.62.68

Due to correlated annihilation effects, it is apparent that the fraction of defects surviving both the cascade quench
and subsequent correlated in-cascade recombination during irradiation at temperatures above the recovery Stage | wiil
be less than the low-temperature QDF. The surviving defect fraction (SDF) is defined to be the fraction of NRT
calculated displacements remaining after correlated recombination has occurred in the cascade. For irradiations
performed at low temperature (below Stage 1), no thermal diffusion occurs and the SDF is equal to the QDF. For
radiation effects modelling, the SDF is generally more important than the QDF because it represents the fraction of
defects that escape in-cascade annihilation and are capable of interacting with other defects in the matrix.

One approach for estimating the effect of correlated recombination on the SDF is to monitor the annealing
behavior of quenched displacement cascades introduced during low temperature irradiation. Computer annealing
simulations12.21.28 of jsolated energetic PKA cascades in copper indicate that about 22% of the defects present after
the cascade quench recombine within the cascade during short term annealing. Assuming a quenched cascade defect
fraction of GDF = 0.3. this indicates that SDF =0.23. This estimate agrees well with experimental isochronal annealing
data (Fig. 3). where 30% of the defects present in copper after neutron irradiation at 4 K suffer correlated annihilation
during Stage I annealing, i.e., SDF (50 K) =0.7 QDF (4 K) ~0.21.

A more direct approach for estimating the value of SDF (T} is to perform irradiation tests at elevated temperatures.
Dislocation pinning®? and electrical resistivity®8.70 experiments indicate that only about half of the defects created in
electron irradiated copper escape correlated recombination during irradiation at temperatures where interstitials are
mobile. The fraction of defects annihilated by correlated recombination in electron irradiated copper decreases slightly
with increasing temperature above 50 K, due to a reduced recombination radius at elevated temperatures. The close
average spacing between an interstitial and its vacancy pair in electron irradiated copper (-2 nm for 3 MeV electrons)€8
allows temperature to have a significant effect on the drift diffusion of interstitials in the elastic strain field of their
correlated vacancy. The fraction of defects surviving correlated recombination in electron-irradiated copper is SDF
-0.35 at 50 K and SDF (200K} -0.65. Radiation-induced segregation experiments?! performed on Ni-Si indicate that
about 40% of the displacement damage created during electron irradiation at temperatures near 700 K survives
correlated recombination, I.e. SDF (700K} -0.4. In summary, the key point is that even in the absence of cascade
damage conditions only a fraction of the displacement damage survives correlated recombination and is available for
migration and interactions in the lattice.
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Electrical resistivity measurements53.67.72.73 and MD calculations®.7.43.74 performed at elevated temperatures
suggest that the surviving defect fraction (SDF) for energetic PKAs in copper drops rapidly to a value near 0.1 as the
irradiation temperature is increased from O to 300 K, and then decreases only slightly with further increases in
temperature. The temperature-dependent value of the SDF obtained from recent MD calculations is summarized in
Fig. 4, along with lower bounds for SDF (T) derived from electrical resistivity measurements. Unfortunately, the precise
value of SDF (T) cannot be directly measured by experiment at elevated temperatures where point defects are mobile,
because some uncorrelated defect annihilation (at sinks or via recombination in the lattice) will occur along with the
correlated intracascade recombination. Nevertheless, the available experimental measurements are in good
agreement with the values of SDF (T) obtained by MD calculation: electrical resistivity measurements on copper
irradiated with fission fragments at 7 K and 85 K33 indicate that the surviving defect fractions are SDF (7 K) =0.33 and
SDF (85K) 20.14. A similar analysis of the initial resistivity damage ratios reported by Theis and Wollenberger?2 for
neutron irradiated copper suggests that SDF (65K)/SDF (4 K) 20.65,and SDF (140K)/SDF (4 K) 20.52 Assuming a
surviving defect fraction at 4 K of SDF (4 K) ~0. 3 Othis would correspond to SDF (55 K) 20.20 and SDF (140K) 20.16.
Electrical resistivity and transmission-electron microscopy (TEM) measurements on copper’3 and gold’s irradiated at
room temperature with 14-MeV neutrons indicate that SDF (300 K) 20.12. Once again, these estimates are lower
bounds for the value of SDF (T) since some of the defects that survive correlated recombination will suffer uncorrelated
annihilation prior to the measurement. In-situ TEM studies of defect cluster formation in gold and nickel during ion
irradiation also suggest that the SDF (defect yield) decreases as the irradiation temperalure is increased from 300 K to
600 K.35.76

The decrease in the surviving defect fraction (SDF)
with increasing irradiation temperature for energetic
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rate and high lattice temperature also causes an increase in
the thermal spike volume.43 This would reduce the SDF
since fewer interstitial?, would be located outside of the
highly agitated cascade core region, where recornbination
occurs readily.6

Fig. 4. Temperature-dependent fraction of
defects surviving the cascade quench and correlated
recornbination {SDF) in copper irradiated under
cascade conditions. The open symbols29.43.74 refer
to MD calculations performed with PKA energies of
3to 5 keV, and the filled symbols52.53.72,73 refer to
lower-bound estimates obtained from electrical
resistivity measurements on neutron-irradiated
copper (see text).

24 Partitioning of Defects that Survive the Cascade Quench and Correlated Recombination

The relative proportions of isolated and clustered defects remaining after the cascade quench and subsequent
correlated recombination stages will generally be different for vacancies and interstitials (Fig. 1), and will depend on
parameters such as the PKA energy and the ambient lattice temperature. The surviving defect fraction (SDF) can be
broken into two components: the isolated point defect fractions (IDFiy), which consists of monovacancies and
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monointerstitials, and the clustered defect fractions {CDF;j ), which includes mobile defect clusters such as di-interstitials
and divacancies along with larger sessile clusters. The subscripts i,v denote quantities for which the fraction of
vacancies and interstitials will generally be unequal. Hence,

SDF = CDF, tIDF, =CDF, +IDF, (3)

As with the SDF, both the clustered and isolated point defect fractions are defined relative to the NRT calculated
displacements and are expected | o be functions of temperature as well as PKA energy.

Computer annealing calculations,21.77.78 molecular dynamics calculations,?.16,20,36,44 and experiments based
on X-ray diffuse scattering31.32 and electrical resistivity measurements’2 indicate that most of the vacancies and
interstitials that survive the quench phase of an energetic cascade will be in the form of clusters. According to electrical
resistivity measurements34 and MD calculations,29.44 the fraction of surviving defects that are clustered in FCC metals
during irradiation near 10 K increases with increasing PKA energy. Assuming a constant surviving defect fraction at
10K of SDF = 0.3 for PKA energies between 5 and 25 keV, the MD calculations indicate CDFy (10 K) =0.06 and CDF;
(10K} =0.07 for 5 keV cascades and CDFy (10K) =0.14 and CDF; (10K) = 0.21 at 25 keV.2C Other experimental and
computer studies suggest similar values for neutron irradiated (>20 keV cascade) copper at low temperature, CDF,
=0.2221 and CDF; =0.18,72 once again assuming a surviving defect fraction of SDF = 0.3. There have been numerous

reported TEM observations of direct in-cascade vacancy and interstitial cluster formation in ion and neutron irradiated
metals.35,42,75,76, 79.80

According to MD calculations performed for energetic cascades in copper near 4 K, the isolated point defect
fractions present at the end of the cascade quench stage are -10% of the NRT calculated displacements for both
interstitials and vacancies, i.e. IDF;y (4 K) ~0.1.20 This represents an upper limit for IDFj y at elevated temperatures
since some of these point defects would be subsequently annihilated by correlated recombination (Fig. 3). Theis and
Wollenberger?2 deduced that the freely migrating interstitial fraction produced in copper during neutron irradiation at
50to 170 K was 15% of the interstitial production rate at 4.6 K, which indicates that [DF; = 0.15 SDF (4 K) =4.5%.
Computer simulated annealing studies of energetic cascades in copper at 300 K suggest freely migrating defect
fractions of about 1% for vacancies and about 4% for interstitials, for PKA cascade energies greater than 20 keV.21
These calculations agree with order-disorder measurements made on neutron irradiated copper at temperatures below
annealing Stage V, which found IDFy (423 K) <2%81 and IDF, (414 K) <1.5%.82 The fraction of freely migrating
interstitials in nickel irradiated with neutrons at 623 K was estimated from Curie temperature measurements to be about
2.6%.83 All of these values are upper limits for IDF;  since the freely migrating defect fractions will also include some
contribution from small mobile clusters such as di-interstitials (see Sections 25 and 2.6). Data from numerous other
experimental studies generally indicate that the fraction of "freely migrating" defects is 1to 10% of the NRT dpa value.3
A detailed analysis of these "freely migrating defect" studies is presented in Section 3.2.2.

Table 1 summarizes the available information on the various displacement damage and defect production
parameters. It is worth reemphasizingthat all of these damage parameters will depend on the PKA cascade energy and
probably also irradiation temperature, in a manner analogous to that shown in Figs. 2 and 4 for the quenched cascade
and surviving defect fractions. All of the damage parameters are normalized with respect to the NRT calculated
displacements. For radiation damage modelling, the most important parameters are the displacement mixing factor
(DMF). the clustered defect fractions (CDF; ), and the isolated point defect fractions (IDF; y).

25 Thermal Stahility and Mabhility of Defect Clusters

A complete description of the temporal evolution of a displacement cascade at an elevated temperature
(homologous temperature =0.3 Ty} must include evaporation of monodefects from defect clusters that were initially
formed during the cascade quench. Figure 5 shows the temperature-dependent density of stacking fault tetrahedra
(SFT) observed in a dilute Cu-B alloy following a temperature-controlled reactor irradiation to -1.2 dpa.84 According to
current thinking, the SFT are formed as a result of collapse of the vacancy-rich core of the displacement cascade during
or subsequent to the cascade quench. The rapid decrease in the SFT density for neutron irradiation temperatures
higher than 450 K is presumedto be predominantly due to vacancy evaporation from the clusters, and can be medels, 85
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Table 1. Summary of proposed displacement damage and defect production parameters

Typical values in Cu
Parameter 1 MeV electron 30 keV cascade [ Comments

DMF = displacement mixing | DMF =1 DMF -100 DMF = DMF (T)
factor
QDF = quenched cascade | QDF = 1 (all temperatures) | QDF (4K) -0.3 QDF; =QDF,
defect fraction QDF (300 K)>0.12
SDF = correlated SDF (4 K)= 1 SDF (4K)=0.3 SDF; = SDFy
recombination surviving SDF (300K) -0.5 SDF (50 K) -0.2 SDF = SDF (T)
defect fraction SDF (300 K) -0.1
clustered defect fractions CDF, (4 K) -0.1
DR,y = isolated point defect | IDF; (4 K) =1DFy, =1 IDF; (4K) -0.1 IDF= IDF{T)
fractions IDF; (300K) = IDFy =05 IDFy (4K)-0.1

IDF; (300 K) < 0.04

IDFy (300 K) ~0.02
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At moderate temperatures and high damage fluxes, the
stability of vacancy clusters during irradiation is determined
predominantly by interstitial absorption (which induces
decomposition of the clusters), instead of thermal
evaporation.’6.86-88. Numerous TEM studies have been
performed on the production and annealing of vacancy
clusters during elevated temperature irradiation.42.75,76.86-89

At intermediate temperatures relevant for void
swelling (0.3 to 0.6 Tm}, vacancy clusters are thermally
unstable whereas interstitial clusters are thermally stable.
For example, MD calculations have found that the binding
energy of a tetra-interstitial cluster in copper is 2.53 eV,
whereas the binding energy for a tetra-vacancy cluster is only
0.28 &V; the corresponding binding energy per defect for
clusters containing more than 5 point defects is
-0.85 eV/interstitial and -0.44 eV/vacancy, respectively.90.91
Even larger differences between the stability of small vacancy
and interstitial clusters have been obtained for nickel.?1 As
noted by Simons?7 and Woo and Singh,18.19 this difference
in stability between vacancy and interstitial clusters can lead
to an excess supply of mobile vacancies relative to the
mobile interstitial. population at elevated temperatures and
must be considered for the modeling of void swelling and
other elevated temperature radiation damage processes. A
modified rate theory model has recently been developed that
takes into account this asymmetric supply of available point
defects, i.e. the so-called "production bias."19.92.93

The clustered defect fraction (CDF) includes larger, sessile clusters and small defect clusters that may be mobile

at a given irradiation temperature.

Recent MD calculations indicate that the migration energies for small clusters

containing up to 4 point defects are comparable to the corresponding values for isolated point defects. For example, the
migration energy of a tri-interstitial in nickel was calculated to be -0.50 eV, and divacancy migration energies of 0.47 eV
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and 0.55 eV were obtained for nickel and copper, respectively.99.81 Similar calculations indicate that the migration
energies of tri- and tetra-vacancy clusters in copper are 0.56 eV and 0.38 eV, respectively.8¢ The mobility of a tetra-
interstitial cluster produced directly in a displacement cascade in copper was found to be comparable to that of the
metastable crowdion interstitial.56 Diffuse x-ray scattering measurements performed during isochronal annealing of
neutron-irradiated copper indicate that small interstitial clusters become mobile and coarsen at Stage [t annealing
temperatures, 50 to 170K.33

A further comment is necessary regarding the mobile component of the clustered defect fraction. According to
MD calculations, the diffusion of many of the interstitial clusters may be restricted to planar motion or even one-

dimensional glide.58.:91.95 The high binding energy of small interstitial clusters compared to their migration energy
means that these clusters can be transported long distances (via glide) without breaking apart. Therefore, interstitial
clusters generally cannot be treated in the same framework as isolated point defects, which migrate via random walk,
three-dimensional diffusion. Small vacancy clusters, on the other hand, pass through several intermediate
configurations to complete a migration step®* and the overall cluster motion is apparently random in the absence of
external stress. In addition, the relative thermal instability of small vacancy clusters compared to their migration energy
will cause vacancy evaporation from the cluster before it migrates a significant distance.

26 Defect Production Resulting from DPisplacement Damage

Figures 6 and 7 schematically outline the temporal evolution of the vacancy and interstitial population in an
isolated energetic displacement cascade at intermediate temperatures relevant for void swelling. A high concentration
of defects are created during the collisional phase {~10-13 s). Most of these defects are subsequently annihilated during
the cascade quench (~10-11 s), leaving a collection of isolated and clustered defects. The high degree of atomic mixing
during the collisional and cascade quench phases can produce displacement mixing factors (DMFs) of -100. Short
range diffusion of the mobile interstitials and vacancies (and associated small mobile clusters) within the cascade
induces further recombination and clustering after the cascade quench. The duration of this intracascade (correlated)
recombination phase is dependent on the irradiation temperature (defect mobilities). Finally, thermally activated
diffusion induces long-range migration of the mobile portion of the defects that survive the cascade quench and
correlated recombination phases.

As outlined in Fig. 7, there are 3 components to the fraction of migrating interstitials or vacancies (MDFjy). The
most straightforward component is the isolated point defect fraction {IDFjy), which is produced directly in the
displacement cascade. A second component (mobile cluster fraction, MCFijy) is comprised of small defect clusters
which are mobile (Section 2.5). The third component is due to thermal annealing of immobile vacancy clusters (and
also interstitial clusters at very high temperatures). Mobile vacancies are released by evaporation from the surviving
immobile vacancy clusters (which exist predominantly near the center of the displacement cascade, Fig. 1). Some of
these evaporating vacancies will be annihilated at the residual immobile interstitial clusters surrounding the
displacement cascade core; a recent diffusion calculation®2.83 found that 20% of the initially clustered vacancies
associated with a 20 keV cascade in copper will be annihilated during annealing at 523 K.

Unfortunately, the magnitude of the mobile vacancy and interstitial cluster fractions {MCFjy) are not known at the
present time. In Fig. 6, we simply denote r as the fraction of the clustered vacancy component CDFy that is either initially
freely migrating (e.g. divacancies), or escapes intracascade (correlated) annihilation following evaporation of the
vacancy clusters at elevated temperature. Obviously, the value of r would be dependent on time (until steady state
cluster evaporation conditions are achieved). With this simplification, the fraction of freely migrating vacancies at
elevated temperature is MDF, = IDFy +r CDFy, i.e. a mixture of the isolated vacancy fraction (IDFy) and the initially
clustered fraction (CDFy). The corresponding fraction of freely migrating interstitials at temperatures relevant for void
swelling is MDF; = IDF; since the interstitial clusters formed in the displacement cascade would be thermally stable. This
expression is a lower limit for the migrating interstitial fraction since it excludes mobile clusters (e.g. di-interstitials) that
probably should be considered freely migrating. At very high irradiation temperatures, where interstitial clusters are
thermally unstable, the fraction of migrating interstitials would become comparable to the vacancy fraction, i.e. MDF;
~IDF; + r CDFj. A portion (1-r) of the initially clustered interstitials would be lost due to annihilation by the evaporating
vacancy clusters. Table 2 summarizes the temperature-dependent relations for the migrating defect fractions in copper.
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Table 2. Temperature dependence of the migrating defect fractions (MDF;) in copper.*

Available migratin defect fraction (MDF;)
Irradiation Condition Interstitial \Vacancy
Defect clusters stable (T ¢ 450 K) MDF; 7 IDF; MDF, > |DFy
Vacancy clusters unstable MDF; 7 IDF; MDF, =|DF, +¢CDF,
(450K ¢ T < 900K)
Vacancy and interstitial clusters MDF; = IDF; *+rCDF; MDF, = IDFy +rCDFy
unstable (T > 900 K)

"The inequalities in some of the expressions result from the neglect of mobile defect clusters due to insufficient
knowledge about their importance (see text).

3.0 DISCUSSION

The calculation of the number of atomic displacements using the NRT model3 has achieved worldwide
standardization, which underscores its importance as a "benchmark” for radiation effects studies. However, it is now
apparent that a distinction needs to made between the generation of atomic displacements and residual defecf
production under cascade damage conditions.'2 Depending on the property of interest, the NRT calculated number of
displacements either underestimates (atomic mixing) or overestimates (residual defect production) the relevant
radiation effects parameter for cascade conditions. The central concept that emerges from the present analysis is that
there is no single unique parameter that adequately describes all of the various defect-induced radiation processes that
may occur under cascade damage conditions. Instead, a revised defect production framework is needed that is more
flexible and physically descriptive of cascade damage conditions than the NRT model.

One of the intentions of this paper is to propose a standardized notation and terminology for the various
displacement damage and defect production parameters that are of interest for radiation effects studies. The proposed
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nomenclature is summarized in Table 1. The three fundamental parameters that are most useful for advanced radiation
damage models are the displacement mixing factor (DMF), the clustered defect fractions (CDFiy), and the isolated point
defect fractions {IDFjy). All of the parameters are essentially independent of dose and microstructure for a given
material, since they refer to damage produced by an isolated PKA. and are defined as fractions of the NRT calculated
displacements. The possibility of modified damage parameters due to cascade impingement on existing microstructural
features such as dislocation loops needs to be separately addressed in rate theory models (see Section 3.1.2). The
available evidence discussed in section 2.3 indicates that for cascade damage conditions, all of the defect production
parameters should decrease with increasing irradiation temperature. Since vacancies and interstitials are produced in
equal numbers during the irradiation, it follows that the fractions of vacancies and interstitials surviving the cascade
guench and correlated recombination must be equal, SDFy = SDF;. However, the partitioning between isolated defects
and defect clusters is generally not equal for vacancies and interstitials (Section 2.4).

31 Consequences of Intracascade Clusterlna of Vacancies and interstitials

Section 2 outlined the physical nature of point defects and defect clusters resulting from multi-displacement
processes in an isolated collision cascade. In the following, we consider the importance of these characteristics of an
isolated displacement cascade on (a) modelling the defect accumulation behavior under cascade damage conditions,
and (b) identifying different defect fractions in experiments carried out under multi-cascade damage conditions.

311 Modeling Of Microstructural Evolution

A key aspect of the defect production in an energetic collision cascade is that a substantial fraction of the
interstitials and vacancies surviving intracascade recombination are already in clustered form following the cascade
quench (~10-11 s). MD simulations of energetic cascades invariably show a vacancy-rich cascade core consisting
primarily of clustered vacancies, surrounded by a diffuse shell of clustered and isolated interstitials (Fig. 1). In other
words, the damage production is not only inhomogeneous but is also segregated in that the populations of interstitials
and vacancies are separated from each other in space. Since the major component of the damage is in the form of
clusters (Section 2.4), it is of vital importance to consider the thermal as well as spatial stability of these clusters in
radiation effects models. As discussed in Section 2.5, vacancy clusters in the collapsed or uncollapsed state would act
as vacancy sources for the matrix at irradiation temperatures above Stage V (i.e., in the void swelling regime).
Interstitial clusters, on the other hand, are thermally stable and will not release single interstitials to the matrix. In
addition, small interstitial clusters are likely to be efficiently removed from the system by gliding to sinks such as grain
boundaries and dislocations.

An accurate physical model of defect production and accumulation under cascade damage conditions must
incorporate the following aspects, which are not addressed in traditional rate theory models:

(i} alarge proportion of the defects are produced heterogeneously in the form of vacancy and interstitial clusters, with
the remainder being isolated vacancies and interstitials

(i) the bias for absorption of mobile interstitial clusters and freely migrating interstitials at sinks such as dislocations
will likely be different

(i) the fractions of interstitials and vacancies in clustered or isolated forms are not likely to be equal, i.e. there may be
an asymmetry inthe production of freely migrating fractions of interstitials and vacancies

(iv} vacancy evaporation from clusters formed during the cascade quench will produce a temperature-dependent
contribution to the fraction of freely migrating vacancies, MDFy

The problem of vacancy clustering in the cascade was addressed in the mid 1970s,96 and has been found to be
important for the modeling of the temperature dependence of swelling in metais.97 Recently, the effects of intracascade
recombination as well as in-cascade clustering of interstitials and vacancies have been incorporated into the rate theory
treatment of defect accumulation.18.19  The consideration of intracascade clustering and the thermal stability of
interstitial and vacancy clusters yields an asymmetric supply of migrating vacancies versus interstitials (‘production
bias") which has been found to be a strong driving force for void swelling in the steady state.19.92,93
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On the basis of the clustering behavior of interstitials and vacancies observed in MD simulations, Singh and
Foreman93 have calculated the escape rate of vacancies from cascades. Using this rate as an effective production rate
of vacancies, they investigated the time dependence of vacancy accumulation in neutron-irradiated copper during the
initial transient regime (105 to 1 dpa).92.93 They found that the best fit to the published void swelling data was obtained
if about 15% of the interstitials were allowed to escape directly to sinks other than voids. This escape was assumed to
occur via one-dimensional glide of small interstitial clusters. Recently the problem of cluster mobility and escape have
been treated in detail by Trinkaus and coworkers.98 Their calculations indicate that the combination of production bias
and gliding interstitial clusters can yield a high level of vacancy supersaturation, particularly when the density of
dislocations is very low (<1012/m2),

Cascade impingement on lattice imperfections becomes more likely at high displacement damage levels,
particularly for lower irradiation temperatures due to the increased thermal stability of radiation induced clusters. These
cascade overlap effects may modify the values of the defect production parameters compared to their isolated cascade
values.12.99 MD simulations16 have found that the defect production parameters are greatly reduced if a cascade
occurs on or near a pre-existing defect cluster or dislocation loop. Electrical resistivity studies have shown that the
defect production rate at low temperatures in metals is dependent on the initial microstructure.34 Stage | annealing
results also indicate that the partitioning between isolated and clustered defects may be affected by cascade overlap:
The amount of correlated recovery observed during Stage | annealing after ion or neutron irradiation near 4 K
decreases with increasing fluence, which suggests that cascade overlap induces a higher proportion of clustered
defects (fewer mobile interstitials) compared to an isolated displacement cascade.62.64.65.67 Therefore, the possibility
of fluence-dependent defect production fractions should be incorporated into any comprehensive model of defect
accumulation in irradiated metals.

3.1.2 t f Def tr from Ex . t

In view of the preceding discussion, it is apparent that the analysis of the results of experiments aimed at
quantifying a well-defined fraction of defects (e.g., migrating defect fractions) produced under cascade damage
conditions must include the considerations of intracascade recombination and clustering, thermal stability, and mobility
of the resulting clusters, along with the possibility of cascade resolution of existing clusters. The important question is
what defect fraction can be extracted from the results of high temperature irradiation experiments in a well-defined form.
The schematic flow diagram in Fig. 7 reveals that the fraction of defects responsible for mass transport or void swelling
during irradiation at elevated temperatures is composed of three very different components:

(i) as-produced freely migrating isolated interstitials and vacancies (IDFiy)

(i) mobile interstitial and vacancy clusters (MCF;y), which includes freely migrating clusters such as di-interstitials and
divacancies, and larger interstitial clusters which most likely will migrate via one-dimensional glide

(iii) a strongly temperature dependent contribution from vacancies evaporating from vacancy clusters (EDFy)

Experimental mass transport measurements such as radiation-induced segregation or radiation-enhanced
diffusion can monitor the aggregate value of the fraction of mobile defects participating in mass transport. It must be
emphasized, however, that correct values of the migrating defect fractions (MDF;y} can be derived only if a rate theory
model that considers all three components of the MDFs is employed. Unfortunately, the data from at existing migrating
defect fraction measurements have been analyzed with traditional rate theories using assumptions that are only

pertinent to the homogeneous Frenkel pair production case. These derived values cannot be related to fundamental
damage parameters such as IDF;, and MDF;,.

Since the time-dependent response of the 3 components of the migrating defect fraction (IDF;y, EDF;y, MCFjy} is
not well known, there is a strong need to obtain defect production data as a function of fluence at elevated temperatures
in order to verify what conditions produce a steady-state behavior. In analogy with void swelling studies, the transient

regime may extend to damage levels much greater than a few dpa. Valuable information on the temperature
dependence of various defect production fractions (Table 1) could be obtained from a systematic low-dose
investigation at temperatures above and below the Stage I, Stage lll, and Stage V temperatures associated with
interstitial migration, vacancy migration, and vacancy cluster evaporation, respectively.
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32 REVIEW OF DEFECT PRODUCTION MEASUREMENTS

3.21 Quenched Cascade Defect Fraction

The data obtained from the quenched cascade defect fraction (QDF) measurements near 4 K (Figure 2) are in
good agreement that QDF{4 K) decreases from a value near 1 for low energy PKAs to a saturation value of -0.3 for
cascade energies 230 keV in copper.9:.11.47-53  There is some evidence that the saturation value of QDF (4 K)
decreases slightly with increasing atomic mass of the irradiated metal,28.47 which may be expected on the basis of
cascade density effects: higher density cascades are created in the higher mass targets, which may cause increased
in-cascade recombination. However, other studies have found no significant effect of atomic mass on the QDF.50-52
The crystal structure apparently exerts a strong influence on the saturation value of the QDF; hexagonal close-packed
metals have the highest values (~0.8), body centered cubic metals are intermediate and face centered cubic metals
have the lowest values (-0.3) for the saturation value of the QDF.%0-52  Several experimental studies suggest that the
proportion of clustered defects in a displacement cascade increases with increasing mass.24.63-86 For example, the
decrease in the amount of correlated Stage | recombination in neutron irradiated metals with increasing mass83-66 js
evidence for enhanced clustering in the displacement cascades of the high-mass metals (fewer mobile interstitials
available for correlated recombination).

One recurring concern in the quenched cascade defect fraction (QDF) measurements is the applicability of
electrical resistivity analyses for cases where defect clustering is known to occur.9.34.100  The effective specific
resistivity of vacancies or interstitials in a large cluster that has collapsed into a dislocation loop will depend on the size
of the loop; the resistivity pér defect for a 5.5 nm diameter faulted loop in copper is about half the Frenkel pair specific
resistivity. 190 Some studies have concluded that electrical resistivity measurements in copper may underestimate the
number of surviving defects in clustered form by as much as a factor of 2 or 3.191.102 These results would suggest that
the apparent decrease in the QDF for energetic cascades in copper may be largely due to the decreased resistivity per
defect associated with defect clustering. Other experimental and theoretical analyses have found that the resistivity per
defect for clusters formed from cascade collapse in neutron-irradiated copper is essentially the same as the Frenkel pair
value,34.53,100 A recent analysis combining resistivity and TEM techniques concluded that the mean size of clusters
produced in copper irradiated with neutrons at room temperature resulted in a resistivity per defect that was fortuitously
comparable to the Frenkel pair specific resistivity. 190 Computer calculations of the quenched cascade defect fraction in
copper and nickel generally support the electrical resistivity results.26:21,36.77  However, the validity of using resistivity
measurementsto monitor defect production under cascade clustering conditions remains in question for other metals.

322 Migrating Defect Fractions (MDF;y)

There have been numerous attempts to experimentally determine migrating defect fractions following irradiation

at elevated temperature (see reviews in refs. 13.14). The deduced values for MDF; v obtained from experimental studies
and computer simulations on face centered cubic metals are summarized in Table 3.21.29,36,72,74,81-83,103-115 The

measurements are in apparent agreement that the fraction of 'freely migrating defects" for energetic cascades is -1 to
10% of the NRT dpa, which is significantly less than the quenched cascade defect fraction at 4 K of QDF (4 K) -0.3, but
still an appreciable amount compared to the apparent elevated temperature surviving defect fraction (Fig. 4) of SDF
(300 K) ~0.1. Unfortunately, it is difficult to obtain a more precise evaluation of the individual components of freely
migrating vacancies and interstitials because the migrating defect fractions cannot be directly measured, but instead
have been deduced from fits to simple homogeneous rate theory models that did not include treatment of the three
individual components of the MDF;,. Many of the measurements were performed at elevated temperatures where
vacancy clusters are thermally unstable and would act as internal sources of free vacancies. The analyses generally
assumed that the mobile defect fraction was constant over the range of temperatures investigated and ignored
consideration of the thermal stability of defect clusters, which depends on both temperature and irradiation time
(damage rate). Measurements were often made at irradiation temperatures or damage levels which produced
significant transient changes in the irradiation-induced microstructure during part of the measurement, but the data
analysis assumed steady state conditions. Almost all of the studies failed to differentiate between the fractions of mobile
vacancies and interstitiais (MDF; ) and did not consider the possible presence of mobile defect clusters (which may not
exhibit random walk, three-dimensional migration). As discussed later, some of the scatter in the deduced migrating
defect fractions is also due to differences in the definition of "freely migrating defects" by different research
groups.107.111 |n the following. the suitability of several experimental methods for estimating migrating defect fractions
is analyzed in more detalil.
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Metal Temperature Method MDF; MDF, Ref.
Cu 100 K, 600 K MD cale. <6% 74
Cu 6870 K Void swelling >5% 103-108
CusAu 423 K Ordering <2% 81
Cu 414 K Ordering <1.5% 82
Cu 330K DisIn. pinning 1% 113, 114
Cu 300 K Computer Anneal 4% 1% 21,29
Cu 170 K Resistivity 4.5% 72
Cu 400 to BOO K Diffusion FMD ~1.5% 111
Cu-1% Au 623 K Segregation FMD ~1% 109
Ag-24% Zn 310t0 410 K [Ordering 10% 10% 115
Ni-4% Si 623 K Curie temp. 2.6% 83
Ni-13% Si 62310 923 K | Segregation FMD -2% 107
Ni 650 to 950 K | Diffusion FMD ~1.5% 39
Ni-P 770 K Segregation FMD -1to 10% 110
: 700 K Segregation FMD -2.5%
e 700 to 950 K Segregation FMD -3to 17% 0

Perhaps the most direct approach to estimate the fraction of freely migrating vacancies (MDF) is to analyze the
void swelling behavior of irradiated metals. Since the void swelling is due to the difference in the accumulation of
vacancies and interstitials at void embryos, the void swelling rate yields a lower limit for MO,  The swelling rate is an
absolute lower limit for MDFy because it neglects uncorrelated recombination in the lattice and annihilation at sinks.
Several low-dose (<1 dpa) neutron irradiation studies on copper and nickel79.116-118 have observed an 'S-shaped"
swelling behavior versus dose, with transient swelling rates equal to or greater than 2%/dpa. A more definitive lower
limit for the MDFy is obtained by examining the steady state swelling rate produced after higher dose irradiations.
Figure 8 shows several recent void swelling results for copper irradiated with fast neutrons at temperatures near
400 C.103-108  \ost studies have found that the steady state swelling rate of neutron-irradiated copper at this
temperature is near 0.5%/dpa. However, several studies?93.106 have found that the swelling rate of oxygen-bearing
copper is dramatically higher, with values as high as 5%/dpa. Oxygen is known to stabilize void swelling in metals by a
chemisorption reaction, which reduces the surface energy and thereby suppresses the evaporation of vacancies from
small voids.11® Since the presence of small quantities of impurity oxygen should not modify the number of
displacements (NRT dpa) introduced during neutron irradiation, these results193,108 suggest that the lower limit for the
freely migrating vacancy fraction at 400 C in fast neutron irradiated copper is MDF, -5%.

Data derived from radiation induced segregation (RIS) measurements have been instrumental in establishing
that the fraction of freely migrating defects for energetic cascades at elevated temperatures is significantly less than the
guenched cascade defect fraction measured near 4 K.13.107 As summarized in Table 3, these measurements indicate
that the migrating defect fraction is between 1 and 17% of the NRT calculated displacements.107-110 (The Kr+ ion data
reported in ref. 107 has been ignored because it could not be consistently fitted to the computer model}.121 Most of the
RIS measurements have monitored the interstitial component of the migrating defect fraction since the observed solute
segregation was due to preferential solute binding to mobile interstitials. The quantitative accuracy of the RIS studies is
dependent on the applicability of several simplifying assumptions employed in the data analysis,120.121 including the
assumptions that steady state conditions prevail and that point defect loss occurs predominantly via recombination. The
freely migrating defect fraction derived in most of the RIS studies was defined to be the fraction of defects that migrate

over distances that are large compared to typical cascade dimensions. 107,121 This definition includes not only losses
from correlated recombination within the displacement cascade, but also uncorrelated defect annihilation at clusters
produced in adjoining displacement cascades. Hence, their derived values ara dependent on the details of the
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surrounding microstructure. Recent estimates suggest the fraction of migrating defects that suffer uncorrelated
recombination may be very large,122.123 which may partly explain the low deduced ‘freely migrating defect* values

obtained from most of the RIS studies comparedto the higher MDF, values obtained from void swelling.
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Another experimental technique that has been used
to estimate freely migrating defect fractions is based on
radiation-enhanced diffusion (RED) measurements,38.38.111
This technique has the advantage that relatively short-range
diffusion (-20 nm) is sufficient to produce measurable results.
Conventional steady-state rate theory was used to extract
estimates of the irradiation-induced sink concentration and
the freely migrating defect fraction from RED data on ion
irradiated Ni and Cu.32.111  The freely migrating defect
fraction was defined to be the mobile fraction that survived
correlated (in-cascade) recombination, but unfortunately the
analysis assumed that the vacancy and interstitial fractions
were equal at all temperatures. As summarized in Table 3,
the deduced freely migrating defect fraction in both metals
was -1.5% of the NRT calculated displacements for
irradiation temperatures relevant for void swelling. The sink
concentrations determined from the analyses were an order
of magnitude higher than that measured by TEM at a
comparable damage rate, which is presumably due to the
large surface sink etfect12¢ associated with the short distance
(50 nm) between the diffusion marker layer and the fres
surface of the specimen. The authors also deduced that the

irradiation-induced sink density was independent of
irradiation flux, which is in contrastto TEM observations and
simple rate theory arguments. An accurate assessment of the
sink strength is essential, since the freely migrating defect
fractions in their analysis were deduced from the fitting of a
parameter proportional to the square of the sink strength

Low-energy ions with a mean range comparable to the depth of the marker layer have been utilized in the RED studies
reported to date. The possible effect of these injected ions on enhancing interstitial clustering and vacancy annihilation
(and thereby suppressing the migrating defect fraction) should be investigated.

Fig. 8. Void swelling rates observed in oxygen-
bearing and oxygen-free copper after fast reactor
irradiation near 40Q°C.103-196 The dpa conversion
for the data from Ref. [106] assumed 1 x 1028 n/m2
(E>0.1 MeV) =6.5 dpa.

Several other experimental techniques have also been used for obtaining estimates of the migrating fractions of
vacancies and interstitials, MDFj y. Dislocation pinning measurements were analyzed to deduce that the fraction of
migrating interstitials produced during 0.9 to 23 MeV neutron irradiation of copper at 330 K was -2% of the 1 MeV
electron value, i.e. MDF; (330 K) =1%.113.114 However, the authors did not demonstrate in convincing fashion that the
observed pinning was due golely to freely migrating interstitials (as opposed to interstitials plus vacancies), as assumed
in their data analysis. Hence, the quantitative value of their derived migrating defect fraction must be viewed with
caution. Several researchers have estimated migrating defect fractions at temperatures below annealing Stage V from
irradiation-induced ordering reactions, using strain relaxation115 or electrical resistivity31.82 measurements. Huang
and coworkers82 determined that the fraction of freely migrating vacancies in copper during neutron irradiation at 414 K
was 55% of the defect production rate at 4 K, i.e. iDFy (414 K) 51.5%. Kirk and Blewitt81 derived a similar value for
reactor irradiated copper of IDFy (423 K) 52%. The study by Beretz et al.115 is commendable because their analysis
considered both the transient buildup of radiation-produced sinks and their thermal instability at elevated temperatures.
Their analysis also attempted to separately determine the vacancy and interstitial components of the available defect
fraction. They concluded that the migrating fractions of vacancies and interstitials at 310 to 410 K in a neutron-irradiated
Ag-Zn alloy were both -10%. Huang, Guinan and Hahn83 recently employed measurements of the Curie temperature
of a Ni-Si alloy to estimate the fraction of available migrating interstitials during neutron irradiation at 623 K. They
deduced that the freely migrating interstitial fraction was 6 to 7% of the corresponding value for electron irradiation. This
implies that MDFj ~2.6%, assuming that 40% of the defects in electron-irradiated nickel escape correlated

recombination at elevated temperatures (ref.[71], see Section 2.3).
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The advantages of experimental techniques such as order-disorder or Curie temperature measurements tor
determining fundamental defect production parameters are: (1) the measurements are sensitive 1o a specific type of
point defect (vacancy vs. interstitial), and (2) the measurements are sensitive to defect migration over distances that are
comparable to the size of a displacement cascade. Measurements that require defect migration over large distances
become increasingly susceptible to large errors in the data analysis due to uncertainties in the precise magnitude of
point defect loss terms at sinks and via recombination.

Finally, it must be kept in mind that the values of the various defect production parameters will depend on the
metal being irradiated. Most of the defect production measurements available in the literature have been performed on
two face-centered cubic metals, Cu and Ni. The results obtained from these two metals may not be applicable to other
metals with different atomic mass, crystal structure, or physical properties. Even the results obtained on copper and
nickel suggest a difference in the cascade quench behavior of these similar-mass materials, with Ni having a higher
calculated quenched cascade defect fraction and less atomic mixing.2.8.20 This has been attributed to a difference in
the electronic thermal conductivity of these two metals.124

4. CONCLUSIONS

The number of disolacements calculated according to models such as NRT does not directly correlate with the
number of residual gefagts as the PKA energy is increased from values producing isolated Frenkel pairs to values
producing dense displacement cascades. There is no unique damage parameter that adequately describes all of the
various physical processes associated with cascade damage. It is proposed that three fundamental damage
parameters should be used to characterize radiation effects under cascade damage conditions: the displacement
mixing tactor (DMF). the clustered defect fractions (CDF; ), and the isolated point defect fractions (IDFi,v), all of which
are defined in terms of the NRT calculated displacements. There is substantial evidence from experimental and
computer simulation studies that the DMF increases with increasing temperature, whereas the residual defect fractions
decrease with increasing temperature.

Experimental results and MD calculations suggest that the fraction of defects (relative to the NRT calculated
displacements) surviving the cascade quench and subsequent correlated recombination tor energetic cascades in
copper decreases from SDF -0.3 at 4 Kto SDF -0.1 at 300 K. Measurements at elevated temperatures are in general
agreement that the fraction of migrating defects is 1 to 10% of the calculated NRT displacements. Unfortunately, the
guantitative values reported in these studies are not reliable due to shortcomings in the rate theory models used to
deduce the defect parameters from the experimental data. Void swelling results indicate that the lower bound for the
fraction of migrating vacancies in neutron-irradiated copper at temperatures near 400°C is MDF, -5%. New single-
variable experimental studies are needed to investigate the fluence dependence of defect accumulation through the
transient and steady-state dose regimes at various temperatures and fluxes.

Consideration must be given to the basic features of cascade damage in both the design of defect production
experiments and in the analysis of experimental data aimed at determining specific defect tractions. Only a fraction of
the displacement damage induced by an energetic cascade escapes correlated annihilation within the cascade and is
available for inducing microstructural change in the matrix. The determination of defect production parameters from the
experimental data must include an explicit treatment of intracascade recombination and clustering of interstitials and
vacancies, and the thermal stability and mobility of these clusters. Clearly, an analysis based on conventional rate
theory and the assumption of homogeneous production of isolated vacancies and interstitials at an equal rate is not
appropriate for this purpose.
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THE RELATIONSHIP BETWEEN THE COLLISIONAL PHASE DEFECT DISTRIBUTION AND CASCADE COLLAPSE EFFICIENCY
K. Morishita, (U. Tokyo), H. L. Heinisch (Pacific Northwest Laboratory)® and $. Ishino, (U. Tokyo)

OBJECTIVE

The objective of this work is to determine the spectral dependence of defect production and microstructure
evolution for the development of fission-fusion correlations.

SUMMARY

Cascades produced in binary collision simulations of ion-irradiation experiments were analyzed to determine
if a correlation exists between the defect distribution in the collisional phase and the number of visible
clusters produced directly in cascades (caused by the so-called "collapse" of the cascade defects). The
densities of the vacancy distributions in the simulated cascades were compared to the measured cascade
collapse efficiencies to obtain the minimum or "critical" vacancy densities required for collapse. The
critical densities are independent of the cascade energy for self-ions and exhibit differences with ion
mass that are consistent with the cascade energy dissipation characteristics.

PROGRESS AND STATUS
Introduction

Many features of the primary damage state of a displacement cascade are set forth during the collisional
phase of the cascade, including those that impact the production of defects that contribute to
microstructural changes. The collisional phase begins with the first collision of the irradiating
projectile, and it ends when no atom has enough energy to create another stable displaced atom. During the
collisional phase, which usually lasts a few tenths of a picosecond, the cascade structure -- the number,
size, energy density and spacing of subcascades -- is established. Since the collisional phase consists of
relatively high energy atomic collisions, it is well-described using the binary collision approximation
(BCA).

The BCA is the basis of the computer simulation code MARLOWE, which was employed by Heinisch and Singh? to
determine the structure of high energy cascades caused by primary recoil atoms (PKAs) of up to 1 MeV in a
number of pure metals. In that work the number and spacing of subcascades was determined as a function of
atomic number, atomic mass and crystal structure. The analysis relied heavily on the concept of defect
density to define and identify subcascades. The implicit assumption was made that the spatial density of
vacant sites at the end of the collisional phase is directly related to the deposited energy density, and
that regions of sufficiently high vacancy density correspond to areas where visible clusters are produced.
Comparisons were made between the simulation results and transmission electron microscope (TEM) images of
14 MeV neutron-irradiated metal foils. From these comparisons it was concluded that multiple TEM-visible
clusters could be associated with a single subcascade. The number of visible clusters per subcascade was
found to increase with atomic mass.

Many experiments involving ion-irradiation of thin metal foils have reported the number of TEM-visible
clusters produced per incident ion”". It has been assumed that the vacancy-rich cores of cascades collapse
to form visible clusters or loops with an efficiency that depends on the masses of the incident ion and the
target atoms, as well as the ion energy. The quoted efficiency factors tell only part of the story,
because some cascades might contain multiple subcascades, and some subcascades might contain multiple
clusters.

The ion-irradiation experiments offer an opportunity to compare BCA simulations of high energy cascades
with TEM observations for heavy-ion irradiations, including self-ions. The present study was undertaken to
determine ifthe vacancy density (hence, energy density) of subcascades in the collisional phase correlates
with the production of TEM-visible defect clusters. This includes the possibility that locally dense
regions within a single subcascade during the collisional phase correlate with the production of multiple
visible clusters. W want to determine ifa "critical density" for collapse can be identified, and if so,
to study the effects of relative projectile mass on collapse efficiency.

Procedure

Heavy ion and self-ion irradiations in Ag, Cu, Au, Mo and W were simulated using MARLOWE. The irradiations
and the measured defect yields are listed in Table 1. The MARLOWE parameter settings were the same as
those used in Ref. 2, except that the problem geometry was set up to match the irradiation conditions of

'Pacific Northwest laboratory is operated for the U.S. Department of Energy by Battelle Memorial
Institute under Contract DE-AC06-76RLO 1830.



75

the experiments. One hundred ions were followed for each ion-target system, and for each set of incident
ions a beam divergence of 5-20 degrees was assumed depending on how precisely the target geometry was
described by the experimenter.

Table 1. Experimental Defect Yields and Calculated Critical Densities (CD) for lon-irradiated Metal Foils.

10N TARGET DEFECT YIELD ch REFERENCE
(keV)
30 Cu Cu 0.50 1.4 Stathopoulos, 3
90 Cu Cu 1.1 1.4 Stathopoulos, 4
0 W Cu 0.60 1.7 Stathopoulos, 3
90 W Cu 0.95 1.9 Stathopoulos; 4
30 Ag Ag 0.55 1.6 Schober, 5
50 Ag Ag 0.95 1.6 Schober, 5
70 Au Au 1.0 1.9 Merkle, 6
60 Mo Mo 0.12 3.0 English, 7
60 Sh Mo 0.15 3.2 English, 7
60 Xe Mo 0.20 2.6 English, 7
120 Sh Mo 0.29 2.6 English, 7
180 Sb Mo 0.35 2.7 English, 7
60 Au W 0.1 4.3 Hausermann, 8

For each cascade the regions of high vacancy concentration were identified using a modified version of the
subcascade identification scheme described in Ref. 2. By simply using different parameter settings, it was
possible to identify multiple high density regions (HDRs) within single subcascades. (The irradiations of
90 keV ions on Cu and 180 keV ions on Mo are the only cases where the production of more than one
subcascade per cascade is expected to occur.) The density of defects in a HDOR is defined as the occupation
ratio of vacant sites to lattice sites in a spherical volume. The vacancy densities of the HDRs. for 100
simulated ions are distributed over a range of values.

The calculated HDR densities were compared with the collapse efficiencies measured in the experiments. It
was assumed that the HDRs of higher density have a higher probability of collapsing. The distribution of
the HDR density values for a set
A ) o of 100 ions is schematically
vacancy density distribution represented in Fig. 1, where the

method of determining the
critical vacancy density for
cascade collapse is illustrated.
The experimental defect yield
values were converted from a "per
ion" basis to a "per HDR" basis,
then compared to the
distributions. The area under
the distribution curve
representing the experimental

yield fraction of HDRs with the
uncollapsed observed highest densities determines the
subcascades collapsed subcascades critical density.

Results

Figure 2 shows the density

A - distributions for the fecc metals
vacancy density list in Table 1. The vertical
lines indicate the critical
‘ .. . vacancy density values, i.e. the
critical density for cascade collapse density value above which an HDR

is assumed to result in a visible
cluster or loop. The values of
calculated critical density for
each irradiation are given in
Table 1.

Figure 1. A schematic representation of the distribution of vacancy
densities of high density regions in cascades. The area under the curve
to the right of the vertical line represents the clusters observed by
TEM of ion-irradiated thin foils. The vertical line thus indicates the
critical density for production of a visible cluster.



76

12, M : : 12 — T
| . 1 F r=5a 4
1oL ™58 —O—30keV Gu-bCu: c.d.=1.4% i 10| 0 —O—30keV W—p Cu; c.d.=1.7%
~§-—90keV Cu_pCu; c.d.=1.4% —@—90keV W, Cu: cd.=1.9%]
0 8 - - 0.8 | -
F uncollapsed collapsed 4 " uncollapsed ! -
06 L 06l p collapsed
04 04
02 L 02
0.0 s 1 0.0 . 1 .
0 1 0 1
Vacancy density (%] Vacanct))/ density [%]
a
0.5 T g T T T T 04 ¥ = ¥ — >,
= —0O—~30keV Ag—d Ag; c.d.=1.6% - .
0.4} —@—50keV Ag_ Ag; c.d.=1.6% | . r=5a, —O—70keV Au—b Au; cd.=1.9%
0.3} -
03 N - uncollapsed collapsed

L uncollapsed collapsed

0.2
0.1 7
0.0 1 2 1 N [ O
0 1 2 3 4 5 2 3 4 5 6
Vacancy density [%] Vacancy density (%]
c d

Figure 2. Distributions of vacancy densities in ion-irradiation simulations of a) 30 ke¥ and 90 keV self-
ions on Cu, b) 30 ke¥ and 90 ke¥ W-ions on Cu, c) 30 ke¥ and 50 keV self-ions on Ag, and d) 70 keV self-
ions on Au. In each case 100 ions were simulated. The vertical lines indicate the critical density

values. The y-axis has normalized values.

In the fcc metals the critical densities are independent of self-ion energy. There is a tendency toward
increasing critical density with increasing target mass and, in Cu, with increasing ion mass.

The density distributions for the bcc metals are shown in Figure 3. In Mo the variation among relatively
similar values shows no clear pattern. However, the density distribution for 60 ke¥ Sb ions has a bimodal
distribution that is unlike that of the other Mo results, and it may well be due to statistical
fluctuation. If the hump at higher densities is reduced, the critical density will be reduced, and the
critical densities in the Sh-ion irradiations will be more nearly independent of ion energy. However, the
critical densities for Xe and Sh ions are smaller relative to that for self-ions, which is contrary to the
effect of ion mass in Cu. Given the relatively small sample size of 100 ions for each case, perhaps it is
best concluded that the critical vacancy density for collapse is about the same in all the irradiations of
Mo. The critical density for Au ions on W is considerably higher than that for Mo.

Discussion

It is not surprising that the critical density is independent of self-ion energy in Cu. It is well-
documented that cascades do not change their nature with incre@sing energy. Both point defect production
and subcascade production increase linearly with damage energy . It is at first surprising that the
critical densities are higher for W-ion irradiation. |If the cascades with 1.4% density collapse in self-
ion irradiations, why do they not collapse when produced by W ions? Examination of the cascade aspect
ratios shows that cascades produced by W ions have somewhat more elongated shape on average. Thus, they
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Figure 3. Distributions of vacancy densities in ion-irradiation simulations of a) 60 ke¥, 120 keV and 180
ke¥ Sh-ions on Mo, b) 60 ke¥ Mo-, Sh- and Xe-ions on Mo, and c) 60 ke¥ Au-ions on W. In each case 100 ions
were simulated. The vertical lines indicate the critical density values. The y-axis has normalized
values.

may cool off more rapidly than the self-ion cascades, requiring a higher initial density of defects to
achieve collapse.

The increase in critical density with increasing target mass in the feec metals can also be explained by
energy dissipation arguments. Only the 90 keV Cu self-ions produce multiple subcascades®. 1In all other
cases a single spike is produced, and in Ag and Au these spikes are well below the threshold energy for
production of subcascades (the 30 keV CQu self-ion has about three times the reduced energy of the 30 ke¥ Ag
self-ion or the 70 keV Au self-ion). The cascades in higher 7 elements tend to have more compact cascades
with higher energy densities, as illustrated in Figs. 2a, ¢ and d. Having a higher surface to volume
ratio, the smaller cascades cool off more rapidly, and a higher critical density is required for collapse
(even though a larger total fraction of all HDRs collapse) in Au and Ag than in Cu.

In Mo there is not much variation of the ion masses, and the critical densities are expected to be
independent of the Sb ion energy. Thus, one expects all values of the critical density to be about the
same in Mo, which they are (within the statistical fluctuations mentioned above).

The critical density values are higher for the bce metals than the fcc metals. 1t may not be appropriate
to make this comparison because of geometrical factors caused by the differences in crystal structure.
However, using the energy dissipation arguments again, one might expect that higher critical density values
are necessary for Mo and W because of their much higher melting points (e.gﬂ. Cu, 1356 K; W 3683 K). In
molecular dynamics (MD) simulations of cascades by Diaz de | a Rubia et al. "~ it was shown that the
resolidification rates of molten zones in the cascade cores were significantly higher in the metals with
higher melting points.



It appears that there is a good correlation between the defect configuration in the collisional phase and
the measured efficiency of cascade collapse to TEM-visible clusters. However, one must consider some
caveats. The experiments were performed at room temperature (at least), where defects have considerable
mobility in some of these systems. Thus, it may be possible that visible clusters nucleate and grow in
numbers and locations other than those predicted by the collisional phase distribution of defects. n the
other hand, there is a high probability that in the regions of highest energy, stabte clusters form
directly in the cascades, as observed in MD simulations™ . Unfortunately, there are not enough M
simulations at high enough energies to verify the direct production of TEM-visible clusters.

The experimental measurements used for determination of the critical densities were not all made at the
same time by the same experimenters. In particular, the ability to resolve small clusters varies among
observers, and even varies over the years for the same observer. The uncertainties in the measured
efficiencies due to this are very difficult to assess. The trends discussed above should be considered in
light of this situation.

CONCLUSIONS

The critical densities are independent of the cascade energy for self-ions, and they exhibit differences
with ion mass that are consistent with the cascade energy dissipation characteristics. This i s good
evidence that the density of defects (hence, the density of deposited energy) in the collisional phase is
an indicator of the ability to produce a visible cluster or loop. With proper calibration to experimental

results and details from MO simulations, binary collision simulations can be a very useful tool for
predicting defect production and for interpreting experiments involving high energy cascades.
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Effects of Stress on Microstructural Evolution During Irradiation - D. S. Gelles, Pacific Northwest
Laboratory"

OBJECTIVE

The purpose of this work is to summarize the available literature on the subject of microstructural
response during irradiation creep to identify areas where further work is needed. This work was presented
at the International Conference on Evolution of Microstructure in Metals During Irradiation.

SUMMARY

Many theories have been postulated to describe irradiation creep but few have been supported with
microstructural evidence. The purpose of this paper_is to review microstructural studies of the effects of
stress during irradiation in order to assess the validity of the available irradiation creep theories.
Microstructural studies based on high voltage electron, 1on, proton and neutron irradiation will be
described, with major emphasis placed on |nterpr@t|ng_behaV|Qr demonstrated in austenitic steels. Special
attention will be given to work on fast neutron irradiated Nimonic P£15, a precipitation strengthened
superalioy.

PROGRESS AND STATUS
Introduction

The effects of stress on microstructure during irradiation is a fitting topic In a conference on evolution
of microstructure in metals during irradiation because an understanding of microstructural development due
to irradiation has proven to be a valuable tool to predict behavior and optimize materials for irradiation
environments. Due to the large financial investment required for reactor construction, and the resultant
need for cost-effective design optimization, it is practical to invest a significant effort _in_
microstructural examination and interpretation. However, application of materials in irradiation
environments requires not only an understanding of the effects of irradiation on microstructure, but also
an understanding of how stress affects that microstructural development. ane of the more extensive bodies
of literature on effects of irradiation on materials is in the field of irradiation creep.™ = A great many
theories have been posed to explain irradiation creep response, and yet relatlvel¥ few efforts have been
directed toward understanding the effects of stress on microstructural development during irradiation.

Studies of the effects of stress on microstructure during irradiation are difficult to perform due to a
lack of specimen availability. In general, microstructural evolution under stress must be a major
experimental objective rather than a postirradiation experiment because the tendency is to reirradiate
specimens to higher doses, rather than to perform destructive examinations. Therefore, most_
microstructural studies of irradiation creep are based on electron and ion irradiation experiments rather
than on neutron irradiated material. However, the author has been fortunate to have had the opportunity to
examine several specimens that were neutron irradiated under stress to a relatively low dose and then
removed for destructive examination. This review will therefore report on microstructural studies of
irradiation creep experlments_u3|n% light ions and electrons, but most of the information will be based on
the author®s experience. Cubic metal Systems will be emphasized and systems such as zirconium alloys
(where growth is commonly observed) will be ignored. Also, experiments based on internal stresses due to
precipitation, etc. (but involving more complex stress states) will be ignored. Wherever possible,
discussion will “include the experimental techniques employed-

Irradiation creep processes reflected in microstructure

Specimen shape_change in response to applied stress during irradiation can occur by a rearrangement of
individual grains, by a change in _grain shape, or by a combination of these two. Furthermore, change in
grain shape can occur by either simple diffusion processes or dislocation evolution.

Diffusion Creep

The earliest example of microstructural evidence for in-reactor cre2p was probably diffusion creep found in
a reactor com?onent_made_from precipitation strengthened magnesium.® Zones denudéd of precipitate
particles could be identified at low magnification (using optical metallographic techniques) lying parallel
to the compressive stress axis. In effect, %rains had been elongated_to accommodate the stress, by .
diffusion of the matrix atoms, producing either denuded zones or precipitate pile-ups at grain boundaries.
This resgonse was dependent upon the boundary position In relation to the stress axis. Similar response is
easily shown during thermal creep. It was later demonstrated, that such denuded zones and pile-ups were,

"Pacific Northwest Laboratory is operated for the U.S. Department of Energy by Battelle Memorial
Institute under Contract CE-AC0§-76RL0O 1830.
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in effect, consequences of grain boundary s1iding.® Although it can be argued that this example of
diffusion creep does not represent irradiation creep (as the process is probably not significantly
accelerated by irradiation), it is included to emphasize that %ra[n boun@arg shiding may be affected by
irradiation. “This was demonstrated about a decade later, by showing grain boundary dislocation climb in
ion-irradiated gold bicrystals.’

Dislocation Evolution in the HVEM

Grain shape change due to dislocation evolution has accounted for the bulk of microstructural studies of
effects of stress during irradiation. Earliest work by Buckley and co-workers considered dislocation
evolution in stressed ribbon tensile specimens containing a thinned central region during irradiation in a
high voltage electron microscope (HVEM).® They chose to study the bowing in long perfect dislocation
segments in aluminum, and found that the addition of a dispersion of second-phase particles stabilized the
structure against surface effects. They observed large fluctuations in the local shear stress (as measured
by dislocation bow) as a function of time, even for individual dislocation segments, with no obvious trends
toward diminishing local shear stress with increasing displacement dose up to 10 dpa, and no noticeable
displacement of the mean local shear stress from zero under external stress sufficient to induce
plasticity. It was apparent from their work that elastic_strain field perturbations occurred as a result
of continually altering spatial distributions of neighboring dislocations. Subsequent experiments, making
use of these observations, redefined the experiment to eliminate the applied stress and oply considered
irradiation induced motion of internal structural defects during observation in the HVEM." "Based on
observations on a variety of metals and alloys during irradiation at elevated temperature, dislocation
movements were of two distinct types: spasmodic, large amplitude jerks corresponding to ?Ilde, and
relatively slow but progressive unidirectional drifts corresponding to climb. They concluded that
irradiation introduces a fluctuating direction and intensity of internal stress derived from the
continuously changing separation and elastic interactions between moving dislocations. Irradiation creeﬁ
rates were therefore directly ﬁroggrtlonal to the externally aPplled stress, inversely proportional to the
friction stress associated with glide, and usually proportional to swelling rate. Evidence for a <1imb-
glide mechanism for irradiation creep was apparent.

The First Frank Loop Evolution Study

Dislocation evolution studies then shifted to concentrate on Frank loop distributions in austenitic steels
following neutron irradiation, starting with the work of Okamoto and Harkness.'® They examined the Frank
loop size distributions in a pressurized tube of annealed 316 stainless steel irradiated with fast neutrons
to a moderate dose of 2x10” n/em’ (E > 0.1 MeV) at 410°C and a hoop stress of 207 tpa, Employing high
resolution, dark-field imaging using stacking fault relrods, they were able to show anisotropy in the loop
population on the various (111) planes, but the average loop diameter was the same. They concluded that
stress-biased loop nucleation was an important mechanism controlling radiation enhanced creep, at least for
a dislocation structure composed mainly of faulted interstitial loops.

Other Frank Loop Evolution Studies

These results were followed by a series of papers on loop evolution using neutron,!** helium ion.”

proton,’ !> and deuteran'®'® Trradiation in similar materials and electron irradiation in aluminum.
Brager and co-workers first examined 20% cold worked 316 stainless steel, comparing microstructural
response following irradiation at 450°C to 9x10°' n/em’ (E > 0.1 MeV) for a solid rod in uniaxial tension
and for biaxial pressurized tubes, all at stress levels of 138 MPa.™ They found that the major effect of
stress on the uniaxial condition was_in Frank loop size as measured in bright-field dislocation contrast
images for <110> and <112> crystal directions. Mean loop diameters and maximum loop diameters were found
to increase with increasing stress perpendicular to the appropriate (111) plane, loop size was smaller in
stressed specimens compared to unstressed specimens, but Ioo? number densities on the different (111

planes could not be correlated with applied stress. Biaxially stressed pressurized tubes differed from the
uniaxial condition in both stressed and unstressed cases. In the unstressed case, the mean loop size was
20% smaller, loop number density about a factor of five larger, and the dislocation density about twice
that of the unstressed rod. In the stressed case, the density of dislocations and Frank loops was about
twice that of the uniaxially stressed sample, and the Frank loop size distribution on the different {111}
planes was invariant with the magnitude of the stress normal to the plane of the loop. One additional
observation was reported: for a pressurized tube irradiated to Ix10° n/cm’ at a stress level of 276 Mpa,
the dislocation density was only slightly higher and mean loop size and density were considerably smaller
than at a higher dose. One can therefore conclude that cold worked material responds differently from
annealed material, and often in unexpected ways, depending upon fabrication history and stress state.

Brager and co-workers then reported on the microstructures found in a series of hoth annealed and 20% cold
worked 316 stainless steel pressurized tubes irradiated at 500°C to fast neutron fluences ranging from 2.0
to 3.0x10% n/em®, (E > 0.1 MeV) in order to explore, quantitatively, the stress-coupled relationship of
swelling and irradiation creep.”“ In this case, dislocation imaging was based on weak-beam, dark-field
contrast encompassing both stacking fault relrods and reciprocal lattice spots, and in situations where
foils were thin and showed surface contours, the 240 technique was employed to differentiate among
individual Frank loops on the different (111) planes. They found that for the solution annealed case, void
volume increased approximately linearly with hoop stress, and void number density increased quadratically
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with hoop stress to 163 MPa, but that mean void size decreased somewhat with increasing hoop stress due to
enhanced nucleation of small voids. Also, Frank IOOB number density varied with increasing stress normal
to the (111) plane of the loop, but the effect was obscured at the lowest stress levels. However, loop
size was inSensitive to stress state and many loops in the stressed specimen were irregular in shape. For
the case of 20% cold worked material at a hoop stress of 327 #Pa, no voids were observed, but similar
dependencies in Frank loop response were found. Frank loop number density varied with increasing stress
normal to the (111) plane of the loop, but loop size was insensitive to stress state and many loops were
irregular in shape.

In summary, evidence was found for stress enhanced void nucleation, and for a stress dependence on loop
nucleation, the latter in agreement with Okamoto and Harkness."" It was also noted that Frank loops could
be eliminated by self-unfaulting or intersection with other components of the microstructure, and that as
total dislocation density increased, both maximum and mean Frank loop diameter decreased independently of
the starting condition, solution treatment, or cold work.

Perfect Loop Evolution

Sokursky and Protsenko considered dislocation loop orientation in helium ion bombarded and annealed
nickel,” but in this case the Burgers vector was of the type 3<i10>. In a preliminary experiment, they
had noted that helium_ion bombardment black spot damage annealed into unfaulted loops on (111) planes but
that not all the possible Burgers vectors occurred with equal probability. The sample of annealed pure
nickel foil had been irradiated using 70 keV helium ions at a temperature no higher than 100-C to a dose of
16" ions/em’. It was then annealed for 5 h at 59n°¢, which produced loops of 20 to 40 nm diameter.
Analysis was performed on a grain near (130) orientation u5|ng bright-field dislocation contrast, with
stereo pairs taken for most maging conditions employed, so that the type and sign of the Burgers vectors
of dislocation loops as well as the loop habit plane could be determined. The procedure compared images
using 200, 002, and 111 dislocation contrast to assign Burgers vectors for each of the prismatic loops
present, and confirmed the assignment for each of the Burgers vectors using 113, 111, and 202 contrast to
show disappearance. _All loops were found to he prismatic of Burgers vector type §<110>, the habit plane
was (111) and the majority of the loops (73%) were either [Lol), [inl] or [011], with more than half (62%)
of the $<110> loops lying on (111). The anisotropy in the loop populations was correct]¥ Interpreted as an
effect of induced stress due to ifon bombardment, which was later shown to be a common ditficulty with such
experiments,® and was therefore a consequence of an effect of stress on microstructural evolution.

Loop evolution Under Proton Bombardment

In two papers, Harwell researchers considered irradiation creep response in thin ribbon samples of pure
nickel and both solution treated and cold worked 321 stainless steel under 4 MeV proton irradiation and
Berformed postirradiation microstructural examinations.''> They found that for pure nickel bombarded to

.2-0.4 dpa in_the temperature range 450-500-C under stresses in the range 40-100 #pa, the dislocation
structure consisted of long segments intersecting and bowing between a dislocation loop population. Most
of the loops were unfaulted and many of the line segments appeared to have originated as large loops, but
no preferential alignment of loops was evident. In comparison, unstressed specimens bombarded to similar
doses at these temperatures did not show such line_segments, but did show a larger proportion of sessile
(Fr%nk {QODS. Tgls_was interpreted as demonstration that dislocation slip provided the overriding
contribution to strain.

The results on AIsT 321 steel'® were more complex. An annealed specimen tested at 100 1pa and 400-C to0 a
total dose of 0.23 dpa was found to contain a high density (2x10™ e¢m®) of small (8.5 nm diameter) )
dislocation loops, most of which were unfaulted and interstitial in character. No continuous dislocation
network was observed; nor was any orientation dependence identified. In comparison, 60% cold worked
material irradiated to 0.22 dpa at 150 #Pa and s00-c contained an extremely complex dislocation structure,
and evidence was found of significant strain-induced martensite formation during cold work. Few signs of
gagla%lon Eamage were visible, indicating that the cold working dislocation network was the dominant point
efect sink.

The proton irradiations were continued op dilute nickel alloys by Atkins and MNcElroy and described in two
papers_ggbllshed at five-year intervals.®** The first paper showed that dislocation loop distributions
were different for pure pickel, commercial-purity nickel, and a ni-2.5s1 alloy following irradiation to 0.2
dpa at 450¢C and 50 #Pa.’ In pure nickel, the Structure was very inhomogeneous, consisting of complex
arrays of fine dislocation loops surrounded by line dislocations between which were regions essentiall

free of any visible radiation damage. In commercial nickel, loops were homogeneously distributed with
some evidence of rafting occurring behind moving line dislocations, resulting in small localized areas with
larger and more densely concentrated dislocation loops. In the Ni-Si alloy, significant differences were
found between stressed and unstressed conditions, with larger loops (30 nm) found at lower number density
(3.0x10" em™) in the stressed case than in the unstressed case (12 rm, 5.5x10" em™). No loop orientation
dependence was discussed.

Loop orientation was analyzed in the later report™" for the Ni-Si alloy irradiated to 0.2 dpa at 450°C,
comparing an_unstressed_specimen to one deformed at 50 #Pa. Anal¥5|§ was based on g=t029 bright-field
Frank loop dislocation images for foils oriented near (101], Analysis revealed that applied stress
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influenced the partitioning of loops on the different (111) planes_but did not influence the overall loop
density or size. Frank loop density was highest on élﬂ) planes with the highest normal stress. However,
the Frank loop distribution anisotropy only accounted for about 25% of the total strain; the remainder,
therefore, was attributed to the unexpectedly high density (5-10% of the total population) and large size
2 to 5 times larger) of unfaulted <110> loops. It was noted that unfaulted loops were randomly
istributed (in some cases occurring in small colonies as if some cooperative process had contributed to
the unfaulting) and that they were more common in stressed material.

Transient Response

Experiments similar to those done at Harwell were performed by Michel and co-workers'®'® to study the
transient creep behavior of cold worked nickel. High purity nickel sheet tensile specimens in a 95% cold
worked condition were stressed and S|multaneousl¥ irradiated with either 22 MeV deuterons or 70 MeV alpha
particles at 224°C to doses of 0.01 to 0.04 dpa Tor stress at levels of 138 to 345 Mpa. Changes in
microstructure following irradiation creep were reported for several specimen conditions by making
comparison with the starting microstructure.'®'” Prior to irradiation, the cold worked nickel contained
slip traces, deformation bands, and dislocation cells with mean diameters in the range of 0.8 to 1.2um.
The dislocation cell structure was retained after irradiation creep deformation, but a heterogeneous
distribution of defect clusters, small dislocation loops, and random dislocations was also found (as
indicated using bright-field dislocation contrast). No substantial difference was found between
microstructures from deuteron _and alpha particle irradiation experiments. Analysis of the nature and
alignment of the defects was inconclusive due to the small defect size, but there was evidence that the
defects were effective obstacles to dislocation motion. A subsequent series of examinations considered the
effect of dose on microstructure,' and determined that with increasing dose from 0.002 to 0.02 dpa, defect
cluster density rose modestly from 0.82 to 1.4x106'° em™®, mean defect size rose modestly from 3.0 to 4.3 nm,
and dislocation density decreased from 6.6x10'% cm™?. Most of the change due to irradiation, howevrer, had
been achieved by a dose of 0.002 dpa. Michel and co-workers concluded that the microstructure was
primarily influenced by the irradiation and not the stress, in view of the decreased dislocation density
and relatively_unchanged dislocation cell diameter_in comparison to the preirradiation microstructure. “The
observed transient deformation could only be explained by a climb-controlled glide mechanism.

Several years later, Henager and co-workers performed similar deuteron bombardment experiments on pure
nickel in order to assess effects of starting microstructure on response.’*#* Pure nickel in three initial
microstructure conditions (85% cold worked, 23% cold worked, and annealed) was irradiated as stressed foi3-
tensile specimens with 15 or 17 MeV deuterons at 200°¢. Stress_levels ranged from 65 to 145 wpa, depending
on microstructural condition. The cold worked specimens were either pre-crept thermally for 20 h @) or
annealed for 20 h at 250-C and_then pre-crept thermally for 20 h (25%) prior to irradiation creep testing,
and then received postirradiation greeB deformation for 20 h prior to microstructural examination.

Electron mlcroscop¥ examination using bright-field dislocation contrast revealed a hl?h density (2x10*® e’
°) of dislocation loops throughout the material and voids in recrystallized regions of the 85% cold worked
material. Also, In the annealed material, clusters of larger loops were found associated with network
dislocation segments in thin foils and, in the 25% cold worked condition, the cell structure became partly
unknit_during Irradiation creep. However, the scale of the microstructure was too fine to allow
determination of loop Burgers vectors or orientation dependencies. Therefore, microstructural development
was similar to that found by Michel and co-workers. However, the authors concluded that a climb-glide
mechanism was not able to explain the observed strain rates and total strains measured. A subsequent paper
concluded that their results could be explained by a reaction between gliding dislocations and jrradiation
induced dislocation loops thereby removing the loops and allowing long range dislocation glide.?

Later work by Henager and Simonen expanded their technigue to ferritic alloys similar to pressure vessel
steels in order to study effects of copper and nickel additions on irradiation hardening kinetics.?® Two
alloys one containing 1.1% nickel and one with 0.29% copper, were irradiated as sheet-tensile specimens at
400°C using 14 MeV deuterons to about 0.05 dpa at stress levels of 35 to 45 MPa. The preirradiation heat
treatment involved recrystallization of the hot rolled sheet at 700-¢c (below the austenite phase field) for
2 h, and thermal creep for 12 h to stabilize the thermal creep microstructure. Irradiation under stress
lasted 24 h followed by a further 12 h of thermal creep prior to microstructural examination.
Microstructural examination using bright-field dislocation contrast revealed dislocation tangles and small
dislocation loops, and one of the tested specimens of the alloy contalnlnﬂ negligible copper additions and
somewhat higher carbon content (0.054 versus 0.032%) showed an unusually high density of fine carbide
particles. The additions of copper resulted in a higher density of loops (%gS verses 2.0x10'* cm™) but a
smaller ge?n loop diameter (1.Oversus 1.9 mi). The results were found to be consistent with a climb-glide
creep model .

HVEM Studies of Frank Loop Anisotropy

The HVEM was a very powerful tool for the study of the development of loop anisotropy during irradiation
creep. The first report of this kind described the effect of stress on aluminum during electron
irradiation.” Aluminum single crystals were irradiated with 2 MeV electrons (from room temperature to
130°C) under constant load conditions and at stress levels as high as the yield stress. Frank loops formed
on all {111} planes, isotropically if no stress was applied but anisotropically under stress, with the
highest populations appearing on the primary slip plane, or the {111} plane with the highest Schmid factor,
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and_the lowest populations on planes perpendicular to the tensile axis (so that the normal stress was
maximized). However, loop sizes for the different loop orientations were unaffected by applied stress.
When the loops reached a certain value, unfaultln? occurred, and the loops then moved onto other (111)
planes and interacted with Frank loops on those planes, reducing the loop density. However, loop
nucleation continued, and nucleation was favored on the same planes as before.

During the next decade, the study of effects of stress on microstructural evolution during irradiation
concentrated on loop anisotropy in electron irradiation experiments. In France, 316 stainless steel
tensile soacimgns were thinned to perforation and irradiated with 1 MeV electrons at 350 and 450°C-in the
Toulouse HYEM.*" Microstructural examination was based on bright-field dislocation contrast imaging, which
provides narrow images and good resolution at an operating voltage of 1 MeV. A specimen was first stressed
and examined at low beam intensity to provide thermal creep conditions (at observation imaging intensities
on the order of 1% of the_irradiation flux), and dislocation evolution was found to be typical of slip
deformation from dislocation sources. The electron flux was then increased to standard conditions in an
illuninated region 2 um iIn diameter, and microstructural development was recorded to a dose on the order of
1.3 dpa. The sample width was about 60um, so that onl¥ about 3%of the width was irradiated (even less of
the cross sectional area). Irradiation to 0.3 dpa was Ffound to cause progressive erasure of the slip
dislocation structure because small dislocation loops developed. At the same time, dislocations climbed
into helices and then coalesced into loops. For doses on the order of 0.35 dpa, loops_remained smaller
than 50 nm in diameter and were aenerallv of a faulted character (i=., Frank loops). Therefore, four sets
of Frank loops were present and it _was pbssible to demonstrate anisotropy in number density, but size
distributions for the different orientations were similar.

The anisotro?y in the Frank loop populations did tend to correspond to the maximum normal stress; the
highest populations corresponded to IooB planes with intermediate or maximum normal stress states. (The
angle between the tensile axis and the Burgers vector was a minimum.) At a higher dose, unfaulted IooPs_
with parallelogram configdration on (111) planes could be identified, and examples of Frank loop unfaulting
could be found where an unfaulted $<110> loop was_generated from an §<111> Frank loop by formation of an
¢<z11> partial dislocation. However, the unfaulting process was generally ve;y rapid. "This response was
interpreted to show that the local stress preferentially induces unfaulting of one of the four (111) _loops,
producing one tgpe of 2<110> Burgers vector. However, 1t was _not possible to quantify defect densities for
the six 5<110> Burgers vectors due_to the small loop_sizes. The size required for loop unfaulting was
found to be a function of irradiation dose and irradiation temPeratqre:_-SO nm for 0.3 dpa, but 80-100 nm
for 0.7 dpa at 350°C, and -50 nm for 0.3 dpa at 450-C. Thermal activation appeared to control the
unfaulting process.

Following irradiation to doses above 0.5 dpa after most of the Frank loops had unfaulted, a corduroy
contrast effect parallel to (111) plane traces could be observed, most prominently under strong contrast
conditions. In general, only one corduroy direction was evident, but on occasion a second was clearly
visible. No obvious correlation was found between the (1%? corduroy direction and the applied stress, and
no evidence of glide could be identified. The corduroy effect is thou?ht to result_from reactions between
perfect loops of two different Burgers vectors parallel to the (111) plane in question, and may have been
due to large anisotropies in the perfect dislocation Burgers vector populations.

In Japan, a number of HVEM irradiation creep studies were reported. Jitsukawa and co-workers irradiated
pure nickel ribbon tensile specimens under stress_at 450°C _to about ! dpa with ! MeV electrons and examined
the dislocation evolution near a central perforation in bright-field dislocation contrast.® when loops
grew to about 10 nm, they rotated to {110} planes and grew Into rhombus-shaped prismatic loops that
eventually coalesced into larger loops. In comparison, the Frank loops were retained when no external
stress was applied, but on subsequent application of stress after irradiation, the Frank loops unfaulted.
No attempt was made to define anisotropy in the loop populations during irradiation creep, but anisotropy
was demonstrated following Frank loop unfaulting due to postirradiation deformation. This work was
expanded to include cyclic unloading of stressed pure nickel spacimens during irradiation in order to
better _understand effects of stress on Frank loop unfaultln%. Loop unfaulting was only observed for
loops in a certain size range; If Frank loops were allowed to grow beyond that size (50°nm) while the
stress was removed, those loops were stable against unfaulting.

Loop growth rate measurements were also performed, and it was found that perfect loops grew faster than
Frank loops, but under_stress, some perfect loops eventually stopped growing and began to shrink, whereas
if no stress were applied, Frank loops were found to continue to grow at a uniform rate. The work also was
able to demonstrate that growth rates of Frank loops were a function of the stress normal to the loop
plane, providing growth rates up to 50% higher for ngrmal stresses on the order of 17 #pa, although this
result was not included in the original publication.*

Sato and _co-workers performed similar experiments on annealed single cr¥stal ribbon, specimens of an
austenitic steel that had been thinned almost to perforation in the central region.®' " Grips were attached
to the single crystals by welding to provide a tensile stress in the [110] direction, and identical
irradiations were performed in adjacent regions U|gn? 1 MeV electrons at 455°C for zero stress and up to 60
MPa (the yield stress for the mqterlaI?: rlﬂht-fle d dislocation contrast showed that in general, the
application_of stress resulted in a slightly higher density of faulted loops and that loop orientations
favorable with respect to the tensile axis had considerably higher densities than did the (111) planes
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containing the tensile direction. A 5° error in tensile axis orientation promoted considerably higher loop
densities on one of the two favorably oriented planes.

The work was expanded considerably in a subsequent paper to quaptify the result of the internal stress due
to anisotropic loop populations on subsequent loop developmert.*? Two areas of a specimen were irradiated
at 349°C, one unstressed and the other at 50 MPa. Loop development was isotropic in the unstressed case,
but anisotropic for a 50 MPa stress, favoring the loops on those planes with the highest resolved tensile
stress. The anisotropy was developed before the loops grew to a visible size. Based 0N studies varying
the applied stress, the degree of anisotropy was shown to be a linear function_of the stress normal to the
loop plane, but extrapolation of the behavior to earlier work by Brager et al.'? required a bilinear fit,
suggesting that a change in controlling mechanism was occurring or that saturation in anisotropy would
likely occur at higher stress levels. However, loop growth rate measurements for loops on the different
planes of a stressed specimen indicated that growth rate was not altered by application of stress.

Loop Growth in Silver and Copper

Interstitial loop growth under tensile stress in the HVEM has also been studied in silver and copper.™
Single crystal ribhon specimens were prepared with a (111) foil plane and a <}10> tensile axis so that two
{111} planes were equally stressed and the other two planes were parallel to the tensile axis. Silver
specimens were irradiated with I MeV electrons at 85 and 130°C using applied stress levels varying from
zero to 53.9 MPa, and copper speciceens-were likewise irradiated at 155¢C for stresses between zero and 34.3
MPa. The loops were imaged using g=202, so that only two of the four sets of Frank loops were in strong
contrast (but this included one of each of the two types of planes of interest, either parallel or inclined
to the tensile axis), and one of the sets of loops out of contrast appeared in weak residual contrast, but
perpendicular to the beam so that apparent distortion in shape was a true distortion. N0 attempt was made
to compare anisotropy in the loop populations as a function of orientation with respect to the Burgers
vector, but micrographs demonstrated that as the stress was increased, the loops in residual contrast
became more elongated, indicating that stress does indeed distort loop growth in the direction of the
applied stress. It may be noted that previous studies had effectively assumed that Frank loops were
circular, and based analyses on that assumption.

Recent Proton and lon Irradiation Studies

Finally, in recent years, several papers have been written based on proton or ion irradiation. Jung and
co-workers have consjdered 6.2 MeV proton irradiation of austenitic stainless steel,*® nickel alloys
containing aluminum,”. and martensitic stainless steel.*® The austenitic steel study was intended to
determine the difference between compressive and tensile stress states on void swelling response, and it
was found that neither mean void diameter, void number density, or void volume varied significantly as a
result of change in stress direction for stresses as high as 100 MPa over the temperature range 300 to
500°C to doses approaching 0.5 dpa.

Jung and Klein then considered the irradiation creep response in Nt-8.5,-11.1 and -13.1 at.% Al in order to
provide understanding of behavior in more complex precipitation strengthened superalloys. Specimens were
irradiated under tensile stresses from 10 to 250 MPa at temperatures from 160 to 390°C to doses approaching
0.3 dpa. Starting microstructure included solution annealed, aged, 20% cold worked, and cold worked and
aged, and specimens were allowed to creep thermally prior to irradiation, until steady state response was
obtained. Creep rates per displacement rate were found to decrease slightly with increasing aluminum
content but showed no dependence on pretreatment. Microstructural examination for the solution annealed
case showed that precipitates of ¥’ and dislocation loops grew under irradiation and that these growing
dislocation loops were surrounded by precipitate free regions; after doses of about 0.2 dpa, however, the
precipitate size stabilized.

In the overaged case, large precipitate particles were dissected by climbing dislocations as precipitation
occurred between the large precipitate particles. The cold worked and aged material produced a combination
of these responses. However, no comparison was made between the response in stressed and unstressed
material (in fact, it was not even clear that microstructural studies were on stressed specimens), SO0 no
conclusions could be drawn about the effect of stress on microstructural evolution.

Similar behavior had been observed before in unstressed experiments,” and unfortunately, behavior is very
different in superalloys, where ¥’ precipitation occurs on dislocations during irradiation. The studies on
martensitic steel were intended to provide microstructural explanation for resistivity changes but no
significant change in creep was found comparing thermal response and irradiation creep at 520<C and tensile
stresses of 50 and 200 MPa to doses on the order of 0.5 dpa. The major effect of irradiation was found to
be a much higher dislocation density.

Katoh and co-workers are completing microstructural examination of 4 MeV nickel ion irradiated ribbon
tensile specimens of 316 stainless steel in a solution annealed condition.® Following irradiation at
500°C at stress levels of 3, 50, and 100 MPa for doses of 3 dpa, the dislocation structure consisted of
mainly faulted loops but with between 10 and 20 percent unfaulted loops. The Frank loops were
quantitatively analyzed for five different conditions of stress and orientation to determine anisotropy,
but analysis was based on bright field images, and it was not possible to differentiate between (111) and
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(111) Frank IooBS for foils oriented near [110]. However, analysis did show that only for stress
conditions of 50 or 100 MpPa, when loop plane normals were within 5" of the stress axis, loop populations
were above 30%, whereas when the angle between the loop plane and the stress axis was 45" or greater, loop
populations were sometimes below 20%, and therefore_anisotrop% could be demonstrated as a function of loop
normal stress. Variations in loop size were negllglble for the 50 MPa condition but did show slightly
larger mean diameter for loops with plane normal 14* from the stress axis In the 100 MPa condition.
Irradiation at 600°C to 50 dpa produced a low density of cavities, network dislocations, and needle-like
Bre0|p|tate Fartlc[es. Application of stress was found to have negligible effect on void number density,
out did result in increasing void size with |ncrea5|ng stress and, as a result, increasing swelling wit
increasing stress_for stress levels of 0, 50, 100, and 200 MPa. This is interpreted as a_consequence
nucleation beginning and ending earlier under the presence of applied stress. Also, precipitate particles
appeared to get larger and €oarser with increasing applied stress.

Observations bv the Author

Pressurized Tube Examinations

The procedures established by Brager and co-workers for microscopy of pressurized tube specimens'!''? have
been applied to a number of other materials. Thirteen pressurized tubes of several candidate breeder
reactor cladding materials were made available for destructive examination following irradiation to 2 or
5x10% n/em* {all fluences by the author given as E > 0.1 MeV). Conditions included five unstressed
sPeC|mens and specimens stressed to approximately 170 MPa hoop stress at temperatures from 430 to 630°C.
Alloys included Nimonic PE16, an Ni-34Fe-17Cr-3Mo-1.3A1-1.3Ti y precipitation strengthened superalloy; M-
813, a_similar Fe-36Ni-19Cr-4Mo-2.8Ti-1.6A1 allog; Inconel 706, a Ni-37Fe-16Cr-2Nb-1.8Ti-0.3A1 y"
Bre0|p|t@t|0n strengthened §uperallox; and AISI 330, an Fe-36Ni-19Cr1.5Mn-1.3Si austenitic stainless steel.
ased primarily on observations of the Nimonic PE1& specimens from this series, it was possible to produce
a straightforward description of the evolution of microstructure due to irradiation and the effect of
stress on that evolution,®* That description is summarized here, accompanied by selected micrographs.

Two of the pressurized tube specimens examined were foynd to contain unfaulted dislocation networks: 20%
cold_worked AISI 330 irradiated at 625°C to 5x10° n/em and fully hardened M813 irradiated at 550°C to
2x10% n/em?.  The network in stressed AISI 330 contained a Poorly defined subgrain structure on the order
of 300 nm in diameter, but the network in M813 contained only individual dislocation segments and tangles,
with no ceé[ wall formation. No attempt was made to relate these structures to the stress axis or to zero
stress conditions.

The response was quite different in Inconel 706 pressurized tube specimens. Independent of irradiation
tem?ergturg (430 or 550°C), stress state, or heat treatment condition (fully aged or solution treated),
following irradiation to 2x10% n/em‘, the dislocation structure in Inconel 706 consisted almost entirely of
Frank loops. Loop densities were significantly higher in the 430°C irradiation condition but mean loop
sizes were lower. Loop size was not altered signiticantly by preirradiation heat treatment. Loop size
distributions were quantified In two of the stressed specimens irradiated at 550¢C, and it was found that
qlthough size distributions were only slightly sensitive to the stress state orientation, large variations
in number densities were found but without any straightforward dependence with regard to the normal or
shear stresses on the various (111) planes.®  All conditions of Inconel 706 examined were found to have
retained y* and at least some ¥" precipitation-strengthening phases, but the effect of stress on
Ere0|pgtatg microstructural evolution gould not be demonstrated except in the case of irradiation at 430°C
ollowing irradiation at 430°C to 2x10% n/cm® under stress, no evidence of y* was found in diffraction
patterns and it was only apparent In superlattice dark-field jmggin%. In comparison, for the unstressed
specimen, weak y" diffraction spots were readily observed, arising from higher number density and larger
size. Therefore, the application of stress appears to promote the dissolution of y" phase in Inconel 706.

Frank Loop Growth and Unfaulting in Nimonic PE16

Nimonic PE16 provided examples of bhoth Frank loop develoEment and unfaulted dislocation_network tangles.
Of particular interest was a sample of solution treated Nimonic PE16 irradiated to 2x10%° n/cm’ at 550°C
under a hoop stress of 167 MPa, where both Frank loop arrays and unfaulted dislocation tangles could be
seen in a single grain, with clearly defined boundaries separating these regions. In comparison, a
companion unstressed specimen contained very few unfaulted regions, whereas aged, and cold worked and aged
conditions contained very few Frank loops. “The Frank loops found in solution treated Nimonic PE16 were
very unusual because they were able to grow to very large sizes (on the order of 500 nm% and began
impinging on each other without unfaulting. (This delayed unfaulting res?onse IS thought to be associated
with the decoration of dislocations with ¥ due to irradiation induced solute segregation.)

An example of the dislocation structure in g=111 contrast_for a single grain of a solution treated PEl6
pressurized tube near an <011> foil orientation is ?iven In Figure 1. Shawn as a montage, the grain is
defined by a twin boundary on the left and hi%h angle grain boundaries on the right. In the lower central
part of the figure, an elliptical region can be seen, containing mostly unfaulted dislocation segments and
surrounded by regions with only Frank loops. Similar unfaulted regions can be identified along the grain
boundary on the right, in a region on the twin boundary at the left and surrounding a large precipitate
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LOOP EVOLUTION IN STRESSED NIMONIC-

g/ i

ig. 1. Montage showing variations inzghe Dislocation Structure in a Single Grain of Solution Treated
imonic PE16 ATter Irradiation to 2xi0" n/em” (£>0.1 MeV) at 550°C Under a Hoop Stress of 167 MPa.

particle at the lower left. Three of the four sets of Frank !OOPS are_imaged In this figure under strong
gtacklng fault contrast, one steeply inclined and therefore highly elliptical, and the other two less
inclined and fairly equiaxed. These two can be differentiated by slightly different fringe direction—and
different fringe spacing. The fourth set of Frank loops is exactly edge on, normal to the operating g
vector, and therefore appears as individual line segments. From this Tigure, it is easy to identify a_
large anisotropy in the Frank loop populations, with the equiaxed loop shapes in much lower concentration
for areas without unfaulted dislocations.

The dislocation structures for this irradiation condition are shown at higher magnification in Figure 2.
The Frank loop structure in the unstressed ?ressurlzed tube specimen is shown using ¢=200 contrast for a
foil near (001) In Figure 2a. Two sets of loops appear to be horizontal, with different frlng@ spacing and
slightly different fringe directions, and two sets of loops appear to be vertical, also with different
fringe Spacing and slightly different fringe direction. Measurements confirmed that little anisotropy
exists_in these loop populations (as shown inset in Figure 2a). Figure 2b provides an example of Frank
loops in the stressed condition using similar contrast but for a forl near (011) so that two sets of loops
are steeply inclined and apgegr to be elongated in directions about 70' apart and two sets are equiaxed,
one with_narrow horizontal fringes, and the other with widely spaced vertical fringes. Visual comparisons
of the distributions of the varrous Frank loop orientations can demonstrate that the equiaxed loops with_
widely spaced vertical fringes are at_lower number density, as demonstrated by quantitative measurement in
which” it was shown that the distributions were proportional to the normal stress levels for the various
{111) loop planes [as shown on inset in Figure 2b).*® Figures 2c and d provide stereo pair micrographs of
a boundary region between Frank loop pgpglatlgns and unfaulted perfect dislocation populations. In this
case, imaging is based on g=111 for a foil orientation near <011>, so that three sets of Frank loops_can be
seen from stacking fault contrast, and the fourth is only observed edge on appearing as horizontal line

R



Fig. 2. Dislocation Structures at h1gher Magmﬁcatmn in Solution Treated Nimonic PE16 Pressurlzed Tube

Specimens Irradiated at 550°C to 2x107 n/cm Frank fo6ps in a) unstressed with g=200 near <001>, and b} at
167 MPa hoop stress with g=200 near <011> with size distributions inset, and a transition region between

faulted and unfaulted areas,in c) and d) as a stereo pair with g= 111 near <011>.
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segments. Also, only half the ?erfect dislocation populations are in contrast. In this stereo pair, a
region containing mainly Frank loops can be found in the upper right, but elsewhere perfect dislocations
can be seen dispersed among, and often connected to, the Frank loops. Many of the Frank loops are of
unusual shaEe; in particular, one at the bottom left appears as a crescent, connected at one end to a
perfect dislocation and at the other to the top surface.

Frank Loop Unfaulting Mechanism

Based on observations made from Figures 2c and d, a Frank loop unfaulting mechanism was proposed during
irradiation in austenitic steels that requires _interaction of a perfect dislocation to nucleate the
necessary 2<112> Shockley partial disiocation.” A perfect dislocation of suitable Burgers vector
|nte{§cts with a Frank loop on an intersecting plane to produce a Shockley partial according to the
reaction:

$1111) « 3[111] - 2[1i2] (1)

The Shockley partial can sweep across the fault ﬁlane to unfault it, and then react with the dislocation
defining the other side of the Frank loop (and therefore of reverse sense) to reestablish the original
perfect dislocation Burgers vector:

I[i12) + griiig - 31in (2)

The resulting morphology is a coil formed in the perfect dislocation on an intersecting (111) plane
Several examples of such coils can be identified In Figures 2c and d. However, the coils rapidly
straighten out, as can be demonstrated from Figure 1 in the unfaulted regions.

Recently, Suzuki and co-workers pointed out that Equations (1% and (2) are not applicable for interstitial
Frank loops because the loop contains twoajault planes, and therefore two Shockley partial dislocations
dislocations are required for unfaulting.”™ However, it can be shown that, although not energetically
favorable, the two necessary unfaulting dislocations can be created by the reaction:

[112] - 2[211] t &[121] (3)

i

Therefore, for interstitial loops, Equations (1) and (2) should be rewritten:

$[110] + 3[111] - §[211] + 2[121] (1a)

2[2111 « §121] ¢ §i1iy - 4[iin) (2a)

Both Equations (la) and (2a) are energetically favored to proceed, whereas Equation (2) 1is an energy
balance, and the driving force to proceed comes from removal of stacking fault material.

In cases where Frank loops and perfect dislocations coexist in austenitic steels, it can bhe anticipated
that Frank loop unfaulting will be occurring constantly by the above reaction, and when Frank IooPs are
present, they remain because an interaction has not yet occurred. Therefore, the Frank loop populations
found in such cases give very little insight into the prior microstructural evolution. Brager and co-
workers became aware of this problem by noting that the maximum and mean Frank loop diameters were related
to the total dislocation density.'? Frank loop distributions have been measured in partially unfaulted and
fully unfaylted regions of the solution treated pressurized tube of Nimonic PE16 irradiated at 550°C to
2x10°° n/em’ at a stress of 167 MPa. The results are shown in Figure 3, where each size distribution is
labeled with the corresponding normal and shear stresses for the various (111) planes. The loop
populations that are most reduced by unfaulting are not a direct function of the corresponding shear
stresses, but adjacent regions have similar distributions, as would be expected from the unfaulting
mechanism described above.

PARTIALLY PARTIALLY UNFAULTED (ADJACENT) UNFAULTED
UNFAULTED 149
A R A 30
r=1{0 ’1' N
r '\ 4
S/ ase 3 G = 19 7/
A Rl 2.0 MPa us \_—
7 e AW : .
of 0 e as . 1 — - SR B
"' ™ (P 2 A R / o & S
0 1000 2000 3000 4000 500, ] . . 500.0 0 1000 2000 3000 4000 5000 6000

Fiq. 3. Frank Loop Size Distributions for Partially Unfaulted a) and b) and an Unfaulted Region ¢) in a
Solution Treated Nimonic PE16 Pressurized Tube Irradiated at 550°C to 2x10%° n/cm’ at a Hoop Stress of 167
MPa.
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Burgers Vector Anisotropy for Perfect Dislocations

In consideration of the consequences of this unfaulting mechanism, it became apparent that only
dislocations of twe orthogonal Burgers vectors were required to unfault all Frank loops present in a
microstructure.*® Therefore, the anisotropy generated in Frank loop populations would not necessarily be
retained In perfect dislocation populations, and even larger anisotropies might develop. As a result,
procedures were developed to determine the Burgers vectors for aIIFPerfect dislocations in a field of
view."" The procedure was similar to the one used by Sokursky and Protsenko.'” Stereo pair images using g
= 200, 002 and 111 were compared to aSS|gn Burgers vectors for each of the perfect dislocations present
(but no other images were taken to show disappearance; instead it was assumed they were all of §<110>
. _ Anisotropy in the perfect dislocation populations was measuggd for three pressurized tube

conditions of Nimonic Fe1s: solution treated and irradiated to 2x10° a/cm® at 550°C and 167 MPa hoop
stress, overaged a |rrgd|ated to 8x10% n/cm® at ¢230°C and 331 MPa hoop stress, and fully aged and _
irradiated to 8x10°° n/cm® at 430°C and 331 Hra hoop stress. Dislocation images used eithér bright field
images or conditions approaching weak beam, dark field contrast in the latter two cases, and it was
BOSSIble to show that in weak beam imaging, voids, and Frank loops were also in contrast. Analysis of the
urgers vector anisotropy demonstrated variations in _dislocation density as large as a factor of 10 to 50
Therefore, anlsotropﬁ was generated in the perfect dislocation populations that was significantly larger
than that found in the Frank loop populations. Also noteworthy was the observation that the perfect
dislocations in these specimen conditions were pure edge In character with a tendency to lie on (100)
planes. As a result, the opportunity for the dislocations_to glide on (111) planes was not available, and
ﬁt was therefore unlikely that an irradiation creep mechanism involving glide could be controlling in

imonic PEL5.

These results on anisotrppr in perfect dislocation populations were analyzed by Adams® in light of the
Stress Induced Preferential Absorption (SIPA) irradiation creep theory as it %ﬁplled to straight edge
dislocations by Wolfer' to show that the anisotropy tends to scale with the SIPA stress parameter, the
parameter comparable to the normal stress for Frank loops. However, in the data sets for the higher
fluence conditions, significant scatter was found, sug?estlng that self-stress fields from the dislocation
populations themselves may begin to impact the local SIPA state.

Burgers vector anisotrop¥ measurements were then attempted on two lots of 316 stainless steel pressurized
tubes irradiated in the FFTF to 8x10% n/cm” at 450°C and hoop stresses of zero or 138 ¥Fa and at 650°C and
hoop stresses of zero or 68.9 MPa. One lot was in a solution annealed condition and the other at 20% cold
work prior to irradiation. Following irradiation at 450°C, both lots of material were found to contain
both Frank loops and unfaulted dislocation segments. Following irradiation at §50°C, the solution annealed
material developed a microstructure characteristic of climb dominated behavior whereas the cold worked
material developed well defined subgrains with moderate dislocation density within subgrains. Measurements
were not attempted in the cold worked material, but Frank loop anisotropy measurements for the 430-C
condition and perfect dislocation anisotropy measurements for the £50°C condition were made for both
stressed and unstressed samples of the annealed material. Results for 450°C Frank loop populations were
representative of similar measurements, showing some anisotropy in the unstressed condition but somewhat
more in the stressed condition, with the highest number densities for the loop plane with the highest
normal stress. It could also be noted that the loop population with the lowest normal stress contained the
loops with largest diameters. Results for 650°C demonstrated perfect dislocation Burgers vector anisotropy
for both the unstressed and stressed conditions. The variation was somewhat lower In"the unstressed cass,
a maximum variation of a factor of 4.3 compared to 5.3 for the stressed case. Of the possible_explanations
for this result, the most reasonable cause was that internal stresses can develop in unpressurized tubes
approaching those of a tube pressurized to 69 MPa.

Perfect dislocation Burgers Vector Anisotropy in Ferritics

Most recently, the analysis of perfect dislocation Burgers vector anisotropy has been extended to ferritic
alloys.” Ferritic glloys are found to develop both $<111> and a<100> dislocations during irradiation, so
that a complete analysis of Burgers vector anisotropy required determinations for dislocations with all
seven possible Burgers vectors. A procedure was possible based on stereo pairs for three imaging
conditions, g=20¢, 011, and 101 or 110, assuming only §<I11> and a<100> dislocations were present, and
using to advantage the fact that a<100> dislocations show stronger contrast in 200 imaging than do 3<11i>
dislocations. A duplex farrite/martensite alloy of composition Fe-10Cr-2Mo-0.9Ni-0.757-0.05C-0.12V-0.06Nb
was irradiated as pressurized tubes in FFTF at 407 and 520°C to 7.5x10%% n/cm® with stress hevels ranging
from zero to -90 #Pa, but dislocation anisotropy analysis was limited to a 407+C_irradiation condition with
an 86 MPa hoop stress. Only a delta ferrite region was analyzed to reduce complications from martensite
lath boundaries, and weak beam, dark field contrast imaging was used. It was found that anisotropy could
be as large as a factor of 7.6 among different Burgers vector possibilities (variations of a factor of 7.3
for §<111> _dislocations and 2.7 for a<100> dislocations). This was surprising because the creep strain
corresponding to this anisotropy was only 0.15% diametral (with 0.11% diametral strain measured in the
unstressed specimen). However, it may be noted that deformations in Nimonic PElé ranged from -0.02 to
1.255% diametral strain, so that anisotropy in dislocation populations had previously been demonstrated in
cases of small creep strains.
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Discussion

This review clearly shows the evolution in our understanding of irradiation creep toward a concentration on
dislocation Burgers vector anisotropy. Initially, a mechanism based on climb controlled glide was forwarded
by Harwell workers.% %15 However, ‘the attention of experimenters was diverted to an'iStP‘OPg).‘zf_”z‘z"z_f_‘zg"'gl_
img populations where clear effects of stress on loop populations could be identified, ® 1319

** and a glide based creep mechanism generally could not apply. Exambles cgyld,be found where glide was
clearly dominating such as in cold worked material irradiated to low dose . 18718437 gy observations on
Nimonic PE16, a well studied material with irradiation creep response similar to austenitic steels, appear
to indicate that a glide based mechanism cannot apply, which is a further indication that the climb

controlled glide interpretation for irradiation creep has limited applicability.

Although the data are not completely consistent, Frank loop populations appear to develop anisotropy under
stress without significant variation in loop size. This suggests a mechanism controlled by stress affected
nucleation. However,_ it has been argued that, in fact, loop anisotropy is controlled by growth rates at
very small loop sizes®*® and that therefore SIPA rather than stress-induced preferential nucleation (SIPN)
applies.

Studies of Frank loop anisotropy often gave contradictory response. Sometimes, populations were enhanced
in proportion to the normal stress on the loop plane, sometimes not. The disparity may exist because Frank
loop populations generally coexist with perfect dislocations, and a perfect dislocation unfaulting
mechanism was not fully appreciated. In other words, unfaulting destroyed the Frank loop historical record
and left anisotropy reflecting internal stresses rather than the externally applied stress. Alternatively,
the concern can be raised that irradiation creep experiments that irradiate only a small portion of the
cross section of the specimen really represent irradiation creep stress relaxation experiments in the
irradiated region. This concern generally was applicable to HVEM experiments. |In this case, the remainder
of the specimen cross section must bear the load that was relaxed in the irradiated region, thereby
producing a much more complex stress state in the irradiated region.

Given the rambling nature of a historical review, it is appropriate to summarize the important concepts
controlling dislocation evolution during irradiation creep. Stress has been shown to affect dislocation
evolution in several ways. |If, at the start of irradiation, there are few point defect sinks, loops will
nucleate and grow, whereas if the sink density is high from, for example, cold worked dislocations, loop
nucleation may be averted and dislocation glide encouraged. Loop distributions generally develop
anisotropy'in the populations on their different habit planes due to applied stress. The anisotropy
appears to be generated when loops are small, and then all loops grow at the same rate. It may seem
surprising that SIPA does not encourage loop growth in the most favorable orientations, but in fact, as the
loops all grow at the same rate, the internal stress will continue to build up, counter balancing the
external stress and turning off SIPA. After the initial nucleation of a stable loop population, further
loop nucleation is discouraged until unfaulting reduces dislocation densities to allow enhancements of
point defect concentrations to levels required for further nucleation. When perfect dislocations are
present, application of stress does encourage dislocation climb for dislocations with favorably oriented
Burgers vectors, leading to enhanced Frank loop unfaulting and reduced void swelling incubation. Perfect
dislocation populations also develop anisotropic Burgers vector populations in response to applied stress.
The level of anisotropy can be very large, greater than an order of magnitude in dislocation density for
different Burgers vectors. Also, the anisotropy can develop quickly, within 10 dpa, but at a higher dose,
SIPA response is distorted, with some favorably oriented Burgers vectors developing.

Once anisotropy is generated, several consequences can be envisioned. Further irradiation will tend to
propagate the anisotropy as a result of continued climb of dislocation. Unless a simple mechanism exists
for rebalancing the anisotropy (such as dislocation network node rearrangement), anisotropy will grow with
increasing irradiation. |If the external stress is then removed, the Burgers vector anisotropy must lead to
irradiation growth (but measurements indicate that the amount of growth measured is small so the anisotropy
must quickly disappear®').

The anisotropy can be thought of as generation of an internal stress. Adams has tried to estimate the
internal stress buildup from SIPA creep.”” He estimated that for the data of Brager and co-workers, 2 where
the ratio of vacancies in voids to atoms in loops was 4, the internal stress buildup would only reduce the
unconstrained creep rate due to loop growth by 12 to 18%. Unfortunately, he failed to realize that the
remaining atoms were combined into the perfect dislocation populations, which also contained anisotropy;
hence his estimate was probably off by a factor of four. Therefore, the levels of internal stress can
approach those of the externally applied stress, and creep is, in effect, a measure of the climb in the
anisotropic dislocation populations, the anisotropy being produced in response to the external stress.
Experiments by Buckley and I‘*Ianthorpes"9 gave an early indication of just how large the internal stresses can
be. When contributions to internal stress such as irradiation driven grain boundary migration and grain
boundary sliding are taken into account, it is not difficult to understand why there can be such large
deviations from the SIPA description of Burgers vector anisotropy.

Recommended future work should consider such issues as reconfirming Burgers vector anisotropy in perfect
dislocation populations, and determining states of internal stress resulting from such anisotropy. For
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example, a change in the internal stress state from the presence of a high volume fraction of voids may
explain creep cessation.

CONCLUSIONS

Microstructural studies of effects of stress during irradiation have been ongoing for about twenty years.
Early efforts appeared to confirm the climb glide mechanism, but it was later learned that climb glide was
most important at low dose where prior cold work was introduced. Instead, the major effect is now found to
be caused by development of anisotropy in Burgers vector populations, most easily observed in Frank loop
populations but also found in perfect dislocation populations. The effect of stress on Frank loop
populations can be wiped out by loop unfaulting and perfect dislocation network development. Stress
accelerates network development because dislocation velocities are increased, leading to reductions in
swelling incubation. The concept of internal stress should be examined in greater detail, and
consideration given to stress relaxation experiments in order to better understand internal stress states.

FUTURE WORK

This work is completed.
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IRRADIATION CREEP DUE TO SIPA UNDER CASCADE DAMAGE CONDITIONS - C. H. Woo, (Whiteshell Laboratories),
7. A. Garner, (Pacific Northwest Laboratory)" and R. A. Holt, (Chalk River Laboratories)

OBJECTIVE

The objective of this effort is to determine the interrelationships between void swelling, irradiation
creep and the stress state imposed on structural materials for fusion reactors.

SUMMARY

This paper derives the relationships between void swelling and irradiation creep due to SIPA and SIG under
cascade damage conditions_in an irradiated pressurized tube. It is found that at low swelling rates
irradiation creep IS a major contribution to the total diametral strain rate of the tube, whereas at high
swelling rates the creep becomes a minor contribution. The anisotropy of the corresponding dislocation
structure is also predicted to decline as the swelling rate increases. The theoretical predictions are
found to agree very well with experimental results.

PROGRESS AMO STATUS
Introduction

An awareness has developed recently that irradiation creep mechanisms, operating in response to applied or
internal stresses, leave microstructural records of their action.' One of the strongest features of this
record is an anisotropic distribution of Burgers vectors that is very pronounced prior to the onset of
significant void swelling. This anisotropy appears to fade however, as swelling increases in magnitude and
rate. Recent studies have also shown that the interaction of void swelling, irradiation creep and stress-
affected microstructural _development appears to be much more complex than previqusly envisioned. (reep
rates_first accelerate with the onset of swelling and then decline as the swelling rate increases.”"* Creep
equations developed from the data on highly pressurized tubes overpredict the creep observed in fuel pins
where the onset of void swelling precedes the development of significant stress levels.

Insights obtained from studying the stress-affected microstructure and the swelling-creep relationship can
be combined with the SIPA creep mechanism to produce a new understanding of the phenomenon involved. In
this regard, irradiation creep due to Stress-Induced Preferred Absorption (SIPA) has been a subject of
active iInvestigation for many years. This mechanism is derived from the difference between the climb rates
of the aligned and non-aligned” dislocations due to a_stress-induced differential bias (with reference to
the stress state). The creep stain is caused hoth directly by SIPA, and indirectly by the anisotropic
dislocation structure_introduced as a result of SIPA. This indirect mechanism was referred to as SIPA-
Induced Growth (S1G).®

Traditionally, SIPA creep has been modeled using rate theory in the same way as void swelling and other
irradiation damage phenomena. _In that treatment, It was im |ICIt!¥ assumed that all the point defects
generated by Irradiation can migrate freelﬁ, and are thus all available for preferential absqrption at
sinks. However, it was shown rzcantiy®’ that this approach may not be appropriate for irradiation
involving fission neutrons, fusion neutrons and heavy ions. In these cases, the point defects are produced
in damage cascades In which extensive recombination and clustering occurs, leaving only a small proportion
of the point defects free to migrate. The difference in thermal stability between the interstitial and
vacancy clusters has been shown to result_in a 'ﬁroductlon_blas'. This production bias can provide the
dominant driving force for void swelling in the high swelling temperature regime (=.g., 720-520x for
stainless steels in fast reactors).

At temperatures below the high swellin% regime, the observed swelling rate is much lower because both
vacancy and_interstitial clusters are thermally stable, acting as recombination centers. The steady-state
number” densities of the clusters are maintained by absorption at moving dislocations. Because both kinds
of clusters are swept up in roughly equal proportions by the dislocations, the net void swelling and
dislocation climb rates are mostly governed by the biased absorption of the freely migrating point defects.
Recently, an analysis has been performed of irradiation QFEEﬁ behavior in pressurized tubes of austenitic
and ferritic steels in the £3R-(1 and FFTF fast reactor in the low swelling regime (~400-C).* It was shown
that the relatively complicated creep behavior observed in these experiments can be explained very well by
a SIPA-based theory including SIG.

At higher temperatures, the vacancy clusters are thermally unstable, and their steady-state number density
is thus much lower than that of the interstitial clusters. This creates a bias because the clustered
interstitials are mostly immobile and are only accessible to the moving sinks/distecations, but not to the

“Pacific Northwest Laboratory is operated for the u.s. Department of Energy by Battelle Memorial
Institute under Contract dg-Ac05-768L0 1830.
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immobile sinks such as voids and grain boundaries. The climb of dislocations is thus mainly determined by
the net absorption of the interstitial clusters. The dislocation climb velocity and interstitial loop
rowth rate resulting from this production bias in an unstressed crystal under cascade damage conditions
ave been derived and shown to explain the large increase in swelling rate in the high temperature regime.®
To analyze irradiation creep _in this temBerature ran%e,_the effects of an applied stress must also be taken
into account. To address this, the climb velocity of dislocations in a stressed crystal under cascade
irradiation has been derived and presented separately."*®

In this _paper, using the results from ref. 10, we examine the creep behavior of neutron-irradiated
pressurized tubes, In a temperature range that includes the peak swelling regime. The resulting st=ady-
state creep strain rate is calculated and compared with experimental observation.

Steadv-State Dislocation Structure

We consider the steady-state dislocation structure of a neutron-irradiated closed-end pressurized tube.
Let o, be the hoop stress and K be the displacement damage rate (NRT). We model the dislocation structure
by three classes of dislocations, with Burgers vectors aligned, class i, with the radial direction; class
2, with the hoop direction; and class 3, with the longitudinal direction. We assume that the dislocation
line length increases by loop growth and recovers by the cancellation of dipoles by climb.™® Then the
conservation equation of the line density p, of the nth class is given by

p.=A -~appi, n=1,2,3... {1]

where the dot indicates the derivative with respective to time. Inqn.{l}, 4, is the production rate

of dislocations of the nth class by the growth of the interstitigl loops. The line destruction rate by
annihilation ot dislocations of the oppoSite sign is given by a,p®, where «, is the reaction cross section
(and depends on the climb velocity).

The loop line growth rate for cascade damage conditions, including the effect of SIPA due to a deviatoric
stress tensor o,, has been derived as.’

pn aq; nan KAk ’,
kn=m{(l—ei)qGAtlJ—pLj [mioj{‘j £,6%56%1 +3] [2]
where b, = magnitude of the Bergers vector of the nth class

p = total dislocation density
ﬁn = dislo?ation g@nsit¥ OE class 1
n = mean loop radiys of the nth class .
q = ratlo_ofptﬁe_5|slocqt[on s!nﬁ strength (i.=., network plus loops) to the total sink strength
€. = fraction of interstitials immobilized by intracascade clustering. .
G = effective point-defect production rate after intracascade recombination is taken into

account™ If a is the fraction of intracascade recombination, then ¢= (I-a)K

Ay = point-defect property associated with the sipa effect (see =qn.13 for definition.
" = shear modulus
&% = Ith component of the unit burgers vector for loops of the kth class
¢ = fraction of line density due to the kth class o ] ]
% = net rate of accumulatign of interstitials at the_interstitial loops and network dislocations

= (net rate of accumulation of vacancies at the voids)

Wle note that =qn.{2) has the same form as the equivalent equation derived in a previous pﬁx{' in which
irradiation creep in the low swelling rate regime was analyzed and where the swelling is driven only by the
dislocation bias. In_the following, we assume steady-state conditions {i.=., ¢, = 0). Making use of the
experimental observatjon that sipA mainly affects thé steady-state loop-number density, but not so much the
size of the Toops,'*** the relative dislocation densities can be obtained as the solution of the
simultaneous algebraic egns. (1) and (2):

1 112Xy 3a
£, 5 2x[1 (1 5 yE] [3a3]
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1.1 . _2x?
fz_..3_+2x[1 (1 3 Y121 (3b]
1
fr==
173 [3c]
where
a
x=(1-€,) gGAy & [4]
ps

The solution of eqns (1-2) in egns (3a-3c) is obtained under the physical condition f +f,tf, = 1 and the
condition that the fs are positive definite. This is equivalent to the condition x <~6/5, or 2/3 > fl > 0,
203 > f, >0, and f‘3 = 1/3. The possibility of vacancy loop formation is also excluded (see ref. 1) fh the
present-treatment. ©

Diametral Strain Rate

The deviatoric strain rate in the hoop direction associated with the climb of an anisotropic dislocation
structure {i.e., due to SIG) is given by

é}‘;:rl'G: (fy-

). [5]

W

The diametral strain rate due to SIPA creep under the biaxial stress condition presently considered can be
derived, and is given by

P (25, [6]
where
Oy
TH=(1_Ei)qGAlIIT [7]

Thus the total diametral strain rate of an irradiated pressurized tube is given by

R _.5" \SIG , 2SIFA
Eu=J ey t&y . [8]

In terms of the effective creep rate and the effective stress,’ the creep law can be written as

4 (éiIPA +éf;,IG)

3o,

[9]

==c
g
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where C is a geometric constant dependent on the tube diameter and wall thickness (-1.i35 for the present
Gfe‘).llsEqn.(g) can be put in exactly the same form as the empirical relation proposed by Garner
et.al .o,

;_El =DS+B, [10]
ag
where 0 is the creep swelling coupling coefficient, given hy
Dagf(g—%) [11]
and B, 1s given by
B,= 4;:””1‘2 (2-£,) [12]

Values of D and B_ can be evaluated using eqns. (3b) and (7), provided the value of &4 is known. For SIPA
due to elastodifflision,'® sy is given by

Ay=—2PBP,(p;~1) -P,(p,1)] [13]

where g 1s the reciprocal of the product of the Boltzmann constant and the absolute temperature. P (j=7,v
for interstitials and vacancies, rgspectivel¥) is related to_the point-defect saddle-point relaxatidn
volume and p. is related to the anisotropy of the corresponding point-defect configuration. The values of
P and p. car be obtained from'’ for copper and a-iron (16 for copper and 39 for a-iron at 400°¢).

Following a previous paper,® a value of sy = 28 was used for the present calculation.

Results and Discussions

The theory presented in the foregoin% sections is applied to consider the in-reactor deformation of
ressurized stainless-steel tubes. The results are then compared with the experimental measurements in
oth the low and high_steady-state swelllnﬁ rate regimes. The input data are_listed in Table 1. Here the

ratio of the dislocation line sink strength to the total sink strength is estimated based on calculated

steady-state number densities of intracascade point-defect clusters.'

Table 1:  Input parameters for the calculation

Intracascade Recombination fraction (@) 0.90
Intracascade Interstitial Clustering Fraction (e)) 0.45
Intracascade Vacancy Clustering Fraction (: ) 0.50

Ratio of Dislocation Line Sink Styength/Total Sink Strength | 0.50
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at 4g0-c (with a steady-state swellin%_rate of -0.1 %/dpa) has a_value of about 3, as shown in table 2
This agrees very well with the theoretical value, e.q. as shown in fig. 1.

TABLE 2. RATIO OF DIAMETRAL STRAIN RATES OF STRESSED vS. UNSTRESSED TUBES

Alloy | Condition | Reactor | Stress ad Reference
Level g

304L Annealed EBR-TI 188 MPa 13.24 Porter et al. {17]

316 20% CW EBR-11 343 MPa | 3.30 Garner and Porter [18]
316 20% CW EBR-IT | 206 MPa | 2.82'" | Garner and Portey [18]
pot®) | 20% CW FFTF 200 MPa | 2.28'°) | Toloczko et al. [19]
pca® | 20% cw FFTF 200 MPa | 3.23 Toloczke et al. [19] and

Garner and Puigh [20]

3) 0% and PCA are Ti-modified type 316 steels.

b) After temperature changes from 550 to 400°C. )
This value represents an underestimate due to failure of the
stressed tube following its measurement at the previous discharge.

It is interesting to note from fig.! that the relative difference between the diametral strain rates of the
stressed and the unstressed tubes represented by this ratio decreases with |ngreq5|Q%_sweII|ng rate. At
the swelling rate increases beyond 0.2%/dpa, the relative difference becomes insignificant, and at a_
swelling rate of 1%/dpa, the difference is only about 10k. There is no substantial difference of this
behavior for different stress levels, except for swelling rates considerably smaller than 0.1%/dpa. Thus,
as the swelling rate increases, there is a general tendency for the applied stress to become relatively
less effective in causing deformation (i.e,, in increasing the diametral strain rate). Experimentally, the
reduction of the effect of stress on the diametral strain rate, at high swelling rate, is a well
established observation, and has been interpreted as creep cessation at high swelling.” More recent
results® " also showed that relative to the swelling rate, the creep rate 1s very large at the onset of
swelling when the swelling rate is low, but diminishes as the swelling rate increases.

To understand the mechanism responsible for this relative reduction of the creep rate at the high swelling
rate, we plot _in Figs. (2-5) the values of b, B, f, and the total creep rate, as functions of the swelling
rate. It is immediately obvious that, of the two terms contributing to the deviatoric strain rate, it is
the term associated with 0, i.e., the one caused by SIG, that is responsible for reduction of creep
relative to swelling. at high swelling rate. For a swelling rate lower than ~0.1%(d§gﬂ2;he calculated
value of D is ~0.5x107% MPa™, compared with an experimental value of -0.6x107¢ Mpa™* *?%%% The
corresponding dislocation structure shows maximum anisotropy (f, = 0, f, = 2/3, f, = 1/3, which is the
source of the significant strain rate due to SIG. Note that having attained the maximum anisotropy
(because £ < 2/3, see eqn.3) is the reason for the dislocation structure, and hence D and 8_, to become
independent of the swelling ‘rate at small swelling rate. At a high swelling rate, the calculatsd values of
D diminishes raﬁldly. The drop 1is responsible for the reduction of the effect of stress on the diametral
strain rate. The dislocation structure, according the FiF.(4), becomes almost isotropic at high swelling
rates (f,=f,=f,=1/3), and this is the reason for the low SIG creep rate in this situation. We note
that the decrease of D as a function of the swelling rate has also been observed experimentally.® Compared
to the value of D, the value of B, is relatively constant as the swelling rate changes. Infig.(3) the
value of B, only varies between 1.5 and 2.5x10™ !Pa"" dpa~ for the whole range of swelling rates
considered. This agrees very well with the experimental values.™

It is interesting to note (Fig.5) that the absolute value of the creep rate does not decrease much at high
swelling rate. However, as the swelling rate increases, the creep rate constitutes a less significant
portion of the total strain rate. From the foreﬂoing discussion, it is clear that in the presence of void
swelling, SIG is a major factor in determining the total deformation of an irradiated specimen under
stress. At low swelling rates (such as at temperatures below the high-swelling regime, or at the onset of
swelling), void swelling accelerates the creep rate, mainly as a result of dislocation anisotropy
developing. However, at high swelling rates, the stress-induced anisotropy of the dislocation structure
decreases, thus reducing the SIG rate (=ps) to values negligible compared with that of the swelling
component. The reduction of the anisotropy of dislocatien structure at high fluence, where swelling rate
is high, has been reported by Garner and Gelles.'

The relation between the anisotropy of dislocation structure and the swelling rate can be understood by
referring to £qn.(2). Here the dislocation line generation rate (proportion to the dislocation climb rate)
is made up of two terms. The first term depends on the direction of the particular Burger"s vector under
consideration while the second term does not. Remembering that it is the difference in the dislocation
line generation rate that creates the dislocation anisotropy, a large swelling rate means a dominant second
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term and thus an isotropic dislocation structure is the result. On the other hand, a small swelling rate
would mean a generation rate which strongly depends on the class of dislocation, resulting in an
anisotropic dislocation structure.

From this point of view, it is evident that in those cases where the stress is already present at the onset
of swelling (=.g. the irradiated pressurized tubes% the proportion of the creep contribution is larger than
in those cases where the stress grows with the swelling and becomes significant only when the swellin (ﬁnd
hence the swelling _rate) is Iar%e. Differences observad beltwean the measured fuel pin deformation and the
QreQigteg deformation based on the pressurized tube data’ shows that the prediction of the present,theory
is indeed correct.

It should be noted that the present model is for the steady-state case. However, in the foregoing
discussion, we have used results to analyze experiments that are conducted under transient conditions where
the swelling rate increases with time. This is a good aPFroximation as long as it is realized the
dislocation structure at a higher swelling rate is actually more characteristic of that of an earlier but
lower swelling rate, because it takes time for the dislocation structure to evolve.

CONCLUSIONS

The deviatoric strain rate caused by SIPA and the associated SIG can be written as observed in eqn.(10). B,
is relatively independent of the swelling rate and_has a value of about 1 to 2x10°° dpa” MPa''. O is
relatively constant (with a value of ~0.5x107 wpa™') at low swelling rates (~0.1%/dpa), where its
c?ntributlon is several times that of the direct SIPA contribution. At high swelling rates, D reduces to
almost zero.

The experimentally observed deviatoric strain rates for irradiated pressurized tubes agree well with the
present theoretical predictions. The onset of swelling (when swelling rates are low) IS correctly
predicted to accelerate the creep rate (fig.5). At high swelling rates the creep rate is limited, so that
the total deformation rate under stress does not significantly exceed the stress-free case (fig.1).

The present theory predicts that the dislocation anisotropy is only significant at low swelling rate, and
is much reduced at high swelling rates. This is also consistent with experimental observations.

It is also predicted that the creep equations for irradiated stressed tubes, in which the stress alread
exists at the onset of swelling (low swelling rate), always overpredicts creep in fuel pins, in which the
gtress develops slowly, becoming significant only at some high fluence at which the swelling has already
egun.

ACKNOWLEDGMENT

The authors ¢.H.W and R.A.G would like to thank the CANDU Owners Group for financial support. F.A.G's
participation was funded by the U.S. Department of Energy under contract DE-4C06-78RL0O 1830.

FUTURE woRrk

This effort will continue, analyzing new data as it becomes available
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SIMULATING HIGH ENERGY CASCADES IN METALS - H. L. Heinisch, (Pacific Northwest Laboratory)®

OBJECTIVE

The objective of this work is to determine the spectral dependence of defect production and microstructure
evolution for the development of fission-fusion correlations.

SUMMARY

The processes of radiation damage, from initial defect production to microstructure evolution, occur over a
wide spectrum of time and size scales. An understanding of the fundamental aspects of these processes requires
a spectrum of theoretical models, each applicable in its own time and distance scales. As elements of this
multi-model approach, molecular dynamics and binary collision simulations play complementary roles in the
characterization of the primary damage state of high energy collision cascades. Molecular dynamics is needed
to describe the individual point defects in the primary damage state with the requisite physical reality. The
binary collision approximation i s needed to model the gross structure of statistically significant numbers of
high energy cascades. Information provided by both models is needed for connecting the defect production in
the primary damage state with the appropriate models of defect diffusion and interaction describing the
microstructure evolution. Results of binary collision simulations of high energy cascade morphology are
reviewed. The energy dependence of freely migrating defect fractions calculated in recent molecular dynamics
simulations are compared to results obtained much earlier with a binary collision/annealing simulation
approach. The favorable agreement demonstrates the viability of the multi-model approach to defect production
in high energy cascades.

PROGRESS AND STATUS
Introduction

Irradiation of crystalline solids with energetic neutrons, ions or protons produces atomic displacement damage
inthe form of collision cascades. A cascade occurs when the projectile or a recoiling primary knock-on atom
(PKA) loses its energy in a sequence of displacive collisions with other atoms, which in turn displace more
atoms, resulting in a discrete region of high defect concentration. For the high energy PKAs typical of those
produced by d-t fusion neutrons, on the order of 300 keV in steels and copper alloys, the distance between high
energy secondary collisions in some materials is great enough that multiple, well-separated damage regions,
commonly referred to as subcascades, are formed. The primary damage state of a cascade consists of the lattice
defects -- immobile clusters, dislocation loops, small mobile clusters and isolated point defects -- remaining
after the cascade energy has dissipated.

The spatial distribution of the lattice defects when they are first produced profoundly affects their survival
and subsequent disposition. Thus, to understand the irradiation-induced changes in the microstructure of a
material under cascade-producing irradiation, it is important to know the temporal and spatial disposition of
lattice defects in the primary damage state of cascades. The processes of radiation damage, from initial
defect production to changes in the microstructure, occur over a wide spectrum of time and size scales. Figure
1 schematically illustrates the stages of evolution of collision cascades and their link to changes inthe
microstructure.

Once initiated by the creation of the PKA, the collisional stage lasts approximately until no atom has enough
energy to permanently displace another atom, about 107** s. During the quenching stage, about 107! s, the
cascade energy is shared among a larger number of the atoms in the cascade region through many-body
interactions, forming "molten" zones , which then dissipate their heat to the rest of the material.
Significant rearrangement of the defects produced in the collisional stage occurs in the molten zones. During
the short-term annealing stage, the defects surviving the quench interact through normal, thermally-activated
diffusion within the cascade region, resulting in immobile and mobile defects that cause changes in the
microstructure.

Experimental information on defect production in cascades is largely confined to observing spatially- and
temporally-averaged characteristics of the defect population or features of the changes in microstructure
observable by transmission electron microscopy (TEM). Presently, the only means of obtaining detailed
information on the spatial arrangement of individual point defects in the primary damage state is by computer
simulation with models at the atomic scale. A multi-model approach (MMA), consisting of a series of different
models, each valid over a specific range of time, space and energy, is required to describe all the stages of
cascade development.

'Pacific Northwest Laboratory i s operated for the U.S. Department of Energy by Battelle Memorial Institute
under Contract DE-ACO6-76RLO 1830.



102

Multiple Clusters,
Cascades, Migrating Global
One Cascade Subcascades Defects Effects
7 \
7 N
ya RN
/ \

Micro-

Collisional structure
Evolution
1013s 101 s >108 s Irradiation Times
N 7
\ /
~ /
\ /
\ s/
Binary Molecular Stochastic Analytical Rate Theory
Collision  Dynamics Annealing Diffusion
Approximation Simulation

Fig.1 The Stages of Cascade Development, indicating the microstructural features, the time frame involved and
the type of model used to describe each stage.model approach (MMA), consisting of a series of different
models, each valid over a specific range of time, space and energy, is required to describe all the
stages of cascade development.

The Multi-model Approach

In principle, molecular dynamics (MD) computer simulations provide the most realistic description of the
primary damage state. Today's MD codes, utilizing the Embedded Atom Method and optimized for vectorization
on a supercomputer, ¢an simulate cascades through the quenching stage at energies near the threshold of
subcascade formation, © about 30 ke¥ in copper. However, in practice, MD is limited to simulating only small
numbers of cascades with energies in the subcascade threshold range. Since the cascade process is stochastic
in nature, one cascade, or even several, may not be representative of the average cascade behavior. The
spatial distribution of subcascades in high energy cascades is highly irregular, so statistical treatments are
necessary.

In practice, MD is limited to simulating times on the order of picoseconds for the highest energy cascades it
can treat. Thus, it is effective for simulating only through the quenching stage. Following this stage there
may be considerable interaction of migrating defects both within an individual subcascade and among nearby
subcascades. Since this aspect of subcascade interactions cannot be modeled by MD, diffusion-based models of
cascade and subcascade interactions must be used. In the absence of complete information on the position of
each lattice defect in the high energy events, it is important to at least quantify the spacing and density
of subcascades to serve as starting conditions for the diffusion-based models.

The binary collision approximation (BCA) applied to collision cascades in crystalline materials is the best
way td realistically model the collisional phase of high energy cascades in statistically significant numbers.
Since many-body interactions are ignored in the BCA it is valid only at relatively high energies (strictly,
well above the displacement threshold energy). The BCA can be used to model only the collisional phase of a
cascade; however, the high energy collisions determine the spatial distribution of subcascades. The BCA
provides a realistic description of the gross features of the defect distribution, but, because the BCA
simulation cannot treat the dissipation of energy to the rest of the crystal, it cannot correctly describe the
ultimate positions of the point defects within each subcascade. Modeling the details of recombination,
clustering, and the dissipation of the thermal energy requires the more physically rigorous approach of MD.

BCA modeling i s useful for investigating the tendency to form visible microstructural features. Certainly the
formation of molten zones in cascade cores or the formation of loops or clusters depends on low energy, many-
body atomic interactions that can be realistically addressed only in molecular dynamics simulations. However,
the tendency to form these features also depends on the initial spatial deposition of energy. Ifthe major
collisions occur very far apart, there may not be sufficient energy density to drive clustering, produce molten
zones or form loops. BCA modeling of the collisional phase can provide sufficient information on the deposited
energy density to identify such cases even ifit cannot predict the actual atomic configurations that result.

The MMA utilizes the BCA, MD, and a model for defect rearrangement by diffusional processes. The BCA describes
the arrangement of cascades and subcascades at high energies. M can describe the defect distribution at the
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end of the quenching phase for representative lower €nergy cascades. Stochastic, atomistic annegling
simulations can describe the short-term annealing phase,” wiiile a diffusional approach appears feasible” for
describing short-term annealing as well as aspects of cascade interactions and global diffusion. The annealing
and diffusion simulations require input. on the cascade morphology obtainable from MD (for the spatial
distribution of point defects within individual subcascades after the quenching stage) and the BCA (for the
spatial distribution of subcascades).

Dramatic progress has been made in MD cascade simulations in the past few years. Two 25 keV cascades in copper
have been generated and analyzed by Diaz de | a Rubia and Guinan®, and sigm‘fic%nt numbers of cascades in copper
at energies below 10 keV have been generated by Foreman, Phythian and Emglish Thus, a data base of cascade
behavior through the quenching stage is being generated for low energy cascades in copper. Recently, BCA
simulatigns have also been used to investigate the characteristics of subcascade production in high energy
cascades . Some of the results of the BCA simulations will be discussed in the following section.

BCA Simulations of Cascade and Subcascade Prooerties

Binary collision computer simulations have vividly portrayed the highly irregular configurations of high energy
cascades and subcascades from high energy recoils. Recently, a systematic characterization of subcascade
production in monatomic fcc, bec and hcp metals as a function of primary recoil energy, atomic charge and mass,
and crystal structure has been done® with the BCA code MARLOWE. Moliere potentials were used, local inelastic
energy losses were subtracted, and thermal displacements representing room temperature were applied. MARLOWE
parameter values and other details of the calculations are in Ref. 6. The threshold energies for subcascade
formation and the average number and spacing of subcascades were determined as a function of cascade energy.
The average density of defects produced in the collisional phase of cascades, which is related to the deposited
energysdensity, was also investigated. The cascade features were compared on the basis of Lindhard's reduced
energy ,
a T

=7 dam?
21 e

where Z is the atomic number, e is the electronic charge, a is the screening radius and Tdarn is the recoil
damage energy.

The threshold energy for the production of subcascades, the "break-up" energy," was determined by analysis of
the average density of vacancies in MARLOWE-generated cascades. The density of vacancies was determined for
each cascade, the cascade volume being defined as the volume of the enclosing rectangular parallelepiped
oriented along the cubic crystal axes (and along the orthogonal axes defined in MARIOWE for the hcp metals).
The vacancy densities were averaged over the set of cascades at each energy, and the average densities were
plotted as a function of cascade damage energy on log-log plots. On a log-log plot of the data for a metal,
a straight line can be drawn through the points at the lower energies. The energy at which the data deviate
from this straight-line behavior is identified as the cascade break-up energye. Below the break-up energy the
data exhibit the fractal behavior of a typical branching configuration. Above the break-up energy the
production of widely-spaced subcascades results in even more rapidly increasing cascade volume and rapidly
decreasing defect density with increasing energy -- also possibly fractally, but scaled by the inter-subcascade
spacing rather than inter-defect spacing. Figure 2 shows the trends of the data for fcc metals in log-log

plots as a function of reduced damage energy. The break-up energy has a reduced energy value of about 0.06
for all the fcc metals.

The break-up energies in the fcc, bce and hep metals, normalized on the basis of reduced damage energy are
compared in Fig. 3. The values for the metals of each crystal structure occur in separate ranges,
respectively, differing overall by about a factor of four. Within the same crystal structure, values differ
by only about 50%. The geometrical reason for the differences is not readily apparent. The atomic volumes,
in units of nearest neighbor distance, differ by less than 10%. However, they differ in the same sequence as
the break-up energies, i.e., fcc < hep < bec.

The method used to identify the break-up energy clearly indicates the onset of widely-separated damage regions.
The density of the cascade varies with energy differently when the recoils have energies above the maximum
spike energy. This method will not recognize as separate subcascades those that form adjacent to each other.

However, during the quenching stage, immediately adjacent subcascades will interact with each other strongly,
behaving as a single damage area. This has been observed in the molecular dynamics simulations of Diaz de la
Rubia and Guinan’. The widely-separated subcascades will also interact during quenching, but each will react

individually to the share of the defect flux and thermal energy being dissipated by the others that it sees.

The volumes of the rectangular parallelepipeds enclosing the vacancy distributions of individual cascades of
the same energy vary over an order of magnitude or more. Figure 4 shows the distributions of cascade volumes
for sets of cascades at 20, 30, and 50 keV in copper. The onset of subcascade production with increasing
energy is illustrated by the contrast of the more sharply peaked distribution at 20 ke¥, just below the break-
up energy, to the nearly flat distribution spread over more than an order of magnitude at 50 keV, which is
above the break-up energy. When compared at the same damage energy, the average volume increases with
decreasing Z. When compared 0n the basis of reduced energy, the average cascade volumes in the different
metals display approximately the same reduced energy dependence. The actual (rectangular) volumes of material
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results of Kiritani, Yoshiie, Kojima and Satoh'® is described in Ref. 6.

disturbed by the occurrences of the
cascades should be somewhat greater
than these values, since these
volumes do not include the
displaced atoms, nor do they
account for all the atoms involved
during the development and
quenching of the molten zone.

To determine the subcascade
configuration  (the number and
spacing of subcascades) in the BCA
simulations, it was necessary to
determine whether or not a group of
defects should be identified as a
subcascade. For this analysis a
subcascade was defined as a damage
region of approximately the maximum
spike energy, 1i.e. the break-up
energy, that is well-separated from
other damage regions. The
subcascade analysis was done
entirely by computation using a
subcascade identification algorithm
based on the local density of
vacancies. See Ref. 6 for details.
Some comparisons with graphical
depictions of cascades were made as
a means of checking its
effectiveness. The results show
that the average number of
subcascades increases linearly with
damage energy in all the metals
(except  for Al, for  which
subcascades could not be defined).
The number of subcascades as a
function of reduced recoil damage
energy is about the same in all
metals.

The center-to-center separations of
nearest neighboring subcascades at
the same energy in a given metal
have a wide distribution of values.
The distributions look much the
same at all energies where at least
two subcascades are produced. The
average value of subcascade
separations is constant with energy
to within about 20% in each metal.
The values lie within 40-60 atomic
diameters. with no discernable
dependence on atomic number or
crystal structure.

Discussion

It is assumed that the regions of
high defect density in the
collisional phase are associated
with high initial energy density,
and that following quenching, these
regions will continue to define
distinct cascade features such as
subcascades. A comparison of the
BCA simulations of high energy
cascades with the experimental
They analyzed TEM micrographs of 14

MeV neutron-irradiated fcc metals and extracted the recoil energy dependence of many features of the visible
defect distributions. Comparison of the BCA simulations of the collisional phase subcascade distributions with
the TEM results shows that in Cu, on the average, one visible defect cluster is associated with each
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subcascade. The simulations also show that in 14 MeV
neutron irradiation of the higher Z materials Ag and
Au, few cascades should occur with energies above the
threshold energy for subcascades. Thus, in Ag, and
especially in Au, the multiple visible clusters
observed by Kiritani et al. to form in groups of
closely spaced clusters must be formed within a
single subcascade. The size and spacing of these
clusters will be governed by the kinetics within the
cooling spike rather than by the physics of high
energy atomic interactions. The consequences of this
fundamental difference with respect to defect
production and its effect on the evolution of the
microstructure could be substantial and must be
thoroughly understood. This same consideration also
applies to the cascades of higher energy density
produced by ions (or molecules) of much higher mass
than the target atoms.

The BCA simulations show that the vacancy densities
of the set of 20 ke¥ cascades in copper
(representative of individual subcascades) have a
distribution of values with a standard deviation of
about 100%of the mean value. The deposited energy
densities are expected to have a similar
distribution. This has implications with respect to
the production of TEM-visible defect clusters or
loops. A recent comparison  of collapse efficiencies
in ion irradiated foils with results of MARLOWE
simulations of the foil irradiations demonstrates
that only those cascades or subcascades with energy
density above a critical value collapse to form a
TEM-visible defect.

A recent study by Alurralde, Caro and Victoria,11
analyzed BCA cascades by relating the deposited
energy density in a cascade to thermal energy and
identifying potential molten zones as subcascades.
The numbers of subcascades as a function of recoil
energy that they determined from a fairly small
sample of cascades compare favorably with the results
in Ref. 6. A complete understanding of the
correlation between collisional-phase defect density,
deposited energy density and visible clusters must be
obtailned through detailed comparisons of BCA and M
results

Further encouragement of the possibility of a
successful MMA is realized with the recent results of
Foreman, Phythian and English,® who reported the
numbers of mobile interstitial defects surviving the
quenching stage in their MD cascades (up to 10 keV in
Cu). In Fig. 5 their results are compared with the
energy deoendence of the efficiencv of producing
freely migrating interstitials that-was determined

using a semi-empirical, BCA/annealing simulation approach employing MARLOWE and the ALSOME annealing code’”.
The good agreement of the MO and BCA-annealing results indicates that the partitioning of the defects into
clustered and migrating defects in the primary damage state may not be very sensitive to some of the details

that only MD can properly treat.

In summary, defect production in the primary damage state of high energy, subcascade-producing cascades cannot

practically be described realistically by a single model.

Aspects of both MD and BCA models are required, as

well as a model for diffusion during short-term annealing. Favorable direct comparisons of BCA results with
experimental observations, thermal analysis and low energy MO cascades are encouraging signs that this MMA

will be successful.
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Swelling of Pure Hicka! Observed in the Second Discharge of the AA-14 Experiment - F. A. Garner (Pacific
Northwest Laboratory)®

OBJECTIVE

The objective of this effort is to determine the factors which influence the microstructural evolution of
neutron-irradiated metals.

SUMMARY

The swelling of neutron-irradiated pure nickel is strongly dependent on its tendency toward saturation.
The factors which induce saturation also lead to a strong dependence on irradiation temperature for nickel
in the annealed condition. When irradiated in the cold-worked condition, however, the temperature
dependence of swelling is strongly reduced but the tendency toward saturation persists.

PROGRESS AND STATUS
Introduction

In an earlier_report, it was shown that the microstructural evolution of pure nickel, a metal often _
selected in fission-fusion correlation studies, is dominated by its tendency toward saturation in void
swelling (). This tendency was cited to explain the strong dependence of swelling on irradiation )
temperature for the annealed condition and also to explain the role of both cold-work and aging in reducing
the temperature dependence. This behavior is shown in Figure 1.

7 These data were derived from the first
discharge of the AA-14 experiment at 12 to 14
| 30% cold-worked dpa (2. The second and final discharge of
and aged (650°C this experiment also contained some of these
for 10 hours) nickel specimens, although the aged condition

61 was not included and one of the cold-worked
| conditions was not available.
5 - A | Results and Discussion

30% cold-worked ] ) ) )
The swelling was measured using an immersion
density technique described earlier (2).
Figure 2 shows the swelling behavior derived
from both the first and second discharges of
the experiment. The swelling at 425°C was
increased by cold-work at 32 dpa, with 9.1%
compared to 7.5% for the annealed condition.
The tendency toward saturation was observed not
only_at 425°c and 500" in the annealed
condition, but also at 425 and s00-C in the

* cold-worked condition.

Swelling, %
TN
T

Annealed at
3 975°C for
10 minutes

. Cold-working exerts a greater degree of
[~ 99.995% Nickel influence as_the irradiation temperature is_
I | increased. The net effect of cold-working is

dependence-has been observed in other studies;
Temperature, °C an example is shown in Figure 3. Note that

Fig. 1. Swelling of pure nickel observed after 12-14 dpa bgron doping to produce heliun (and Tithiu)
inE8r-11 as a function of irradiation temperature and did not alter the temperature dependence,
starting condition. All data taken at 14 dpa except for ~ indicatina that void pucieation.is not the

: controlling P apse of the
two data at 12 dpa, each marked with a star. dislocation population was earlier shown to

lead to the saturation behavior (2).

"Pacific Northwest Laboratory is operated for the U.S. Department of Energy by Battelle Memorial
Institute under Contract D£-ACU5-76RL0 1830.
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FUTURE WORK

This study is complete.
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Completion of the 0RR/MiE-4 Experiment Involving High Rates of Helium Genzration in Fe-Cr-Ni Alloys - N.
Sekimura, (University of Tokyo) and 7. A. Garner, (Pacific Northwest Laboratory)’

OBJECTIVE

The objective of this effort is to determine the relative influence of helium and other important variables
on neutron-induced microstructural evolution.

SUMMARY

Com?Ietion of the microscopy examination of the ORR/MFE-4 experiment confirms the conclusions reached
earlier in this_study. Helium generated at very high levels (-30 to 60 appm/dpa) does indeed strongly
influence the microstructural evolution of Fe-Cr-Ni austenitic alloys, especially when the temperature
history involves a large number of low temperature excursions. Under these conditions the effect of
composition and starting condition are relatively unimportant.

PROGRESS AND STATUS
Introduction

In an earlier _report it was shown that two nomina]IY similar irradiation experiments conducted in ORR and
£8r-11 involving simple ternary Fe-Cr-Ni alloys yielded vastly different responses in mechanical behavior! .
Microscopy analysis on a _subset of the alloys from this experiment have been reported earlier® and ]
demonstrated that a significant and unprecedented refinement of cavity microstructure had occurred during
irradiation in the ORR. This refinement caused an atypically large strengthening of the various alloys.
The cavity microstructure also was only weakly dependent on the nickel content of the alloys, a result that
was inconsistent with the behavior usually exhibited in Fe-Cr-Ni alloys irradiated in other reactors. It
was_shown, however, that the usual behavior observed in the 0RR/MFE-4 experiment reflected primarily the
action of large reductions in temperature on an almost daily basis.?"

Whereas the microscopy results were presented earlier for fe-15C#-X¥i (X=20, 25, 30, 35, 45 wt.%) in the
annealed condition at 330, 400 and 500°C, the other conditions examined in this experiment have now been
completed. These are (1), the annealed f=-isCr-Xii series at s00°c, (2) 20% cold worked F=-15Cr-25N1 and
Fe-lsca-ssNi at both 500 and &00°c, and (3}, the annealed fe-¥ir-35Mi {Y=7.5, 15, 22, wt.%) alloys at both
500 and 600°C.

Results

Figures ! and 2 gresent comparisons of the cavity densities and sizes observed in the annealed Fa-15Cr-iN1
series from the ORR experiment with the densities observed in comparable experiments conducted in £3R-1I,
The densities at 330°C In ORR are higher than those observed at 400°C but cannot be easily measured.

Except at 20Mi the sizes at 330°C are comparable to those at 400°C. While the densities observed in £32-1!
usually fall with nickel content at relatively low temperatures and sometimes exhibit a minimum with nickel

content at higher temperatures, the cavity densities in ORR tend to increase slowly with nickel content at
all temperatures studied.

Whereas it was shown earlier that the cavities at 330 and 4060°C were clearly helium bubbles,” at higher
temBerature the behavior is a little more complex. Note in Figure 3 that at 50¢*C a transition from void-
to oubble-dominated microstructure occurs with increasing nickel. Figure 4 shows that bubble-dominated
behavior has probably returned at s0s-c.

As shown in Figure 5, cold working seems to exert very little influence on cavity size or density for each
of the four alloy/temperature combinations examined. In general, cold working decreases swelling, except
for the 35Ni alloy at £00°c (Figure 6). A comparison of the cavity size distributions for the annealed and
cold worked alloys at 500°C (Figure 7) shows that cold working leads to a suppression of the larger void
sizes only. These larger voids are ﬁrobably those that nucleated early in the irradiation, before large
amounts of helium were generated. These volds appear to be the ones most likely to be suppressed by cold
working. At s00-c the void size distributions mirror the swelling behavior (Figure 3), with cold working
decreasing the higher void sizes at 25Ni but increasing them at 35N1.

Chromium generally increases swelling in Fe-Cr-Ni alloys® and this clearly happens at 509°c as shown in
Figure %a, but the influence of chromium is not as pronounced as observed in £8R-11 irradiations. At §00°C
this situation is less clear and may reflect the known tendency of these alloys to densify prior to
swelling In response to a radiation-induced spinodal-like decomposition. The cavity sizes and densities
are shown in Figures 9a, b and {0,

"Pacific Northwest Laboratory 1S operated for the U.s. Department of Energy by Battelle Memorial
Institute under Contract Df-4c08-76R10 1830.
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Discussion

It appears that the most important variable in this experiment is not the nickel content directly, but is
the indirect effect of nickel in determining the helium generation rate. The latter is compounded,
however, by the temperature history of this experiment, whereby frequent (-600) setbacks in temperature
lead to constant and profuse nucleation of low temperature microstructural components, primarily small

dislocation loops. Nucleation of helium bubbles on these loops is thought to be the origin of the
unprecedented high density of cavities.

FUTURE WORK

Analysis of these data will continue.
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Wi Isotopic Tailoring Experiment: Results of Tensile Tests on MOTA-1G Specimens - M. L. Hamilton and f.
A. Garner, (Pacific Northwest Laboratory)®

OBJECTIVE

The objective of this study is to provide insight into the influence of helium on radiation-induced
microstructural evolution and the subsequent change in mechanical properties of austenitic alloys.
SUMMARY

Tensile tests have been conducted on the last two groups of isotopic tailoring specimens discharged from

MOTA-16.  The results agree with those reported earlier, showing a very small impact of fusion-relevant
helium/dpa levels on neutron-induced changes in tensile properties of three model austenitic alloys.

Below-Core 63'?%;5; +( 10.2 dpa -24dpa
495°C » 279d -52d
Level 4 139 dpa pa pa
II -
I o . _
_______ ?L%,% %&)FQ 29dpa 39dpa
‘ 600°C - 600°C (R)

Level 5 | 8.7 d

Discontinued

490°C
Level 6 2.01 dpa J

| -
I
_______ 490°C(R -4.8dpa -6dpa
213 d(pa) P P
—_— —
Level 8 01%53%61 | 4;. 0.28 dpa | -0.42dpa

39111050.11
Fig. 1. Schematic representation of irradiation sequences for the **Ni isotopic tailoring experiment.
"495°C(R)," "490°C(R)" and 600°C(R) refer to the replacement sequences substituted for the original
compromised sequences at these temperatures. Damage levels shown represent cumulative totals. The dpa
level for so0°c{R} is undefined at present.

*pPacific Northwest Laboratory is operated for the U.S. Department of Energy by Battelle Memorial
Institute under Contract ©f-AC06-76RL0 1830.
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The last two sets of tensile tests have now been conducted at room temperature. These are the (490°C, 6
dpa) and (465°C, 0.42 dpa) groups of specimens. These sequences were run at (0.3 and 20 appm He/dpa) and
(0.3 and 62 appm He/dpa}, respectively. Note that the original 490°C sequence was discontinued after an
overtemperature/undertemperature event compromised the experiment. The replacement sequence, 490°C(R), was
conducted in a completely isothermal manner.

Results 800

O,
The yield strength 490°C
and total elongation -
data for the full 25 Ni 25 Ni + 0.04P
series of
irradiations at 490
and 455°C are shown
in Figures 2 and 3.
At 490°C the yield
strengths of the
cold-worked and
annealed specimens
are converging in
each of the three
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significant only for

the Fe-15Cr-25N3 Fig. 2. Influence of thermomechanical starting state, isotopic doping and temperature
alloy (hoth starting history on yield strength and elongation following irradiation just above the core at
conditions). 490°C. The dotted lines correspond to the isothermal repeat sequence.

Convergence also appears to be occurring in the 465°C sequence with very little influence of helium on the
yield strength. Approximately 25 appm have accumulated in the doped specimens at an exposure of 0.4 dpa in
this low dose rate experiment. There may be some increasing influence of helium on the elongation of the
cold-worked Fe-15Cr-25Ni+0.04P alloy with increasing dpa level. This possibility will be examined further

using microscopy.
Future Studies

Microscopy on the 465 and 490°C series is in progress at the University of Illinois (J. F. Stubbins) and
the University of Tokyo {(H. Kawanishi), respectively. When complete, the microstructural data will be used
to make predictions of yield strength for comparisons with the measured values.

A repeat sequence at 600°C has completed irradiation in MOTA-26. After discharge from the reactor, §n§|le
tests and microstructural examination will be conducted. This will complete the final stage of the

isotopic tailoring experiment.
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MICROSTRUC}URAL EVOLUTION IN IRRADIATED Fe-Cr-M ALLOYS: SOLUTE EFFECTS - D. s. Gelles, (Pacific Northwest
Laboratory)®

OBJECTIVE

The objective of this effort is to improve understanding of the effect of fast neutron irradiation on
microstructural evolution in ferritic alloys.

SUMMARY

A series of alloys based on re-10cr with solute additions of silicon, vanadium, man?anese, tungsten,
tantalum, and zirconium at 0.1 and 1.0% levels, has been examined by transmission electron microscopy
following fast neutron irradiation. Marked differences in dislocation evolution and void _shape following
neutron irradiation were found as a function of alloying. The present study extends previous examinations
by investigating microstructural response following Trradiation at a lower temperature (355-¢) to 30 dpa
and to a higher dose, 100 dpa, at 410°C. Swelllnq level, void shape, and dislocation configuration
continued to vary as a function of the various solutes present in the same manner as seen previously.
However, two additional observations were made. Irradiation at the lower temperature promotes . )
precipitation of chromium rich & phase and reduces microstructural evolution. Also, irradiation to higher
dose, reduces the effect each solute exerts by lessening the wide variation in void shape and dislocation
evolution that were found at lower dose.

PROGRESS aND STATUS

Introduction
Effects of radiation induced se?regation in ferritic alloys are generally difficult to dsmonstrate.'™ The
scale of the segregation is small, often on the order of 1-2 nm, neutron irradiation drives many solute

additions away from point defect sinks,”'' and precipitation rapidly removes solute from solution.
Microchemical analysis procedures based on analytical _electron microscopy are more difficult than for
example for austenitic alloys, due to the added” complication _of inherent specimen magnetism. However, a
series of alloys based on Fz-10Cr with solute additions of silicon, vanadium, manganese, tungsten,
tantalum, and zirconium at 0.1 and 1.0% levels, has shown mapked differences in dislocation evolution and
void shape following neutron irradiation at 425°C to 30 dpa.'* This has been interpreted as a direct
demonstration of segregation effects.'? The present study extends previous examinations by investigatin%
microstructural response following irradiation in the Fast Flux Test Facility/Materials Open Test Assembly
(FFTF/MOTA) at a lower temperature (355°C) to 30 dpa and to a higher dose, 100 dpa, at 41g-°C.

Experimental Procedure

A series of ternary substitutional solid solution alloys was prepared using standard laboratory arc melting
practices as previously described."" The series was based on f»-10¢+ (all compositions given in weight
percent) with solute additions of Si, Mn, V, W, Ta and Zr at levels of 0.1 and 1.0%. Disk specimens for
transmission electron microscopy (TEM) in a fully heat treated condition (l040°C/1 h/air cool (A} +
160°C/2 n/AC) were irradiated in £FTE/MOTA In weeper positions in-core and below-core for three successive
runs, MOTA 1C-1E, in-core in positions 2C-4, 2C-2 and 2C-2 and below core_in positions 30-1, BD-1 and BD-4,
respectlveIK. Positional differences resulted in differences in irradiation Tlux as well as temperature,
so that although jrradiqtion times were identical, the resulting temperatures and doses were 411x12-C to
92.6 dpa (2.05x10% n/em , E > 0.1 MeV) and 355°C to 25.9 dpa (7.15x10°* n/em?, E » 0.1 MeV), respectively.
These doses are rounded to 100 and 30 dpa, respectively, in the remainder of this paper. " In comgarison,
the irradiation of these specimens as previously reported,'? resulted in a dose of 32.7 dpa (x10° n/cm’, E
> 0.1 MeV) at 425°C.

Following irradiation, densities were determined by the immersion density technique, and then specimens
were prepared for TEM examination using standard procedures. Examinations were performed on a JEOL
JEM-1200 EX scanning transmission electron microscope (STEM) using a double tilting side-entry goniometer
stage. Images were generally taken near (011) using § = 200 and 011 dislocation contrast and using void
congrast, but on occasion, images could not be stigmated near (011) and orientations near (001) had to be
used.

Results
Density measurements

The results of density measurements are given in Table 1. Faollewin irradiation at 3s5°c, swelling levels
were below 1% and generally about +0.2%." The hlghest swelling was found in alloys containing silicon, 0.44
and 0.60% for 0.1 and 1.0% Si, respectively. Alloys containing manganese showed densification, indicating
that phase instability had occurred.

“pacific Northwest Laboratory is operated for the U.S. Department of Energy by Battelle Memorial
Institute under Contract DE-4C08-76RLO 1830.
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Table 1. Results of density measurements on solute containing Fe-10Cr alloys irradiated at 365°C to 30 dpa
and 410°C to 100 dpa.

365°C 410-C
Heat Unirrad Irrad. Irrad.
Allov _No.  Code Density  Density Swelling Density Swelling
(gm/em”)  (gm/cm’) (%) (gm/cm”) (%)
Code Kz Code K3
-10Cr-0.1Si R117 R9 7.8069 7.7665 0.44 7.5817 2.88
-10Cr-18i R118 AH 7.7194 7.6734 0.60 7.6104 1.41
-10Cr-0. 1Mn R119 AU 7.7402 7.7688 -0.37 7.6134 1.64
-10Cr-1Mn R120 AX 7.7550 7.7554 -0.01 7.4469 3.97
-10Cr-0.1V R121 AZ 7.7641 7.7526 0.15 7.6959 0.88
-10Cr-1vV R122 Al 7.7601 7.7455 0.19 7.7167 0.56
-10Cr-0.1W R123 A3 7.8248 7.8113 0.17 7.5935 2.96
-10Cr-1W R124 A4 7.8316 7.8344 0.04 7.5942 3.1
-10Cr-0.1Ta R125 A5 7.7730 7.7660 0.09 7.7665 0.08
-10Cr-1Ta R126 A6 7.8060 7.7962 0.13 7.5468 3.32
-10Cr-0.1Zr Ri127 A7 7.7824 7.7705 0.15 7.6792 1.33
-10Cr-1Zr R128 A9 7.7687 7.7419 0.27 7.6280 1.8

Following irradiation at 410-C, swellinﬁ levels were much higher, generally in the range from 1 to 4. The
highest swelling was found in the 1.0% lin alloy, and the lowest in the vanadium alloys and the alloy
containing 0.1% Ta.

The results are shown plotted in Figure 1 along with previous swelling measurements based on TEM for the
alloys containing 1% solute following irradiation at 410°C to lower dose.'® The solutes have been arranged
on the abscissa In approximate order of increasing atomic Size misfit such that Zr is the largest atom
under consideration. From Figure 1, it can be shown that swelling following irradiation at 410°C is

4

3
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= 1M
L= 420°C, 100dpa
To" 0.1M
2 i
@1 W eeRl i

"0 1M 420°C, 30 dpa by TEM
0 MM 365°C, 30 dpa
1 | | | | | |
Si V Mn W Ta Zr 39206027.1
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Fig. 1. Swelling as measured by density change in Fe-10Cr-M alloys following irradiation at 365*C to 30
dpa and at 410°C to 100 dpa in comparison with swelling measured by electron microscopy following
irradiation at 426°C to 30 dpa. Solute elements are arranged in order of increasing atomic size mismatch.
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highest for alloys containing Mn, Ta_and W, followed by alloys containin? Si and Zr, and with the lowest
swelling in alloys containingv. This trend is based on the average swelling for the two solute levels.
The trend is insensitive to Solute level, with only somewhat higher swelling in alloys with % solute,
except for the cases of Si, V, Mn, and Ta, where swelling is higher for alloys with 0.1% Si or V and
swelling is much lower in the alloys containing 0.1% Mn and Ta.

Swelling ib specimens irradiated at 355°¢ 1s shown to be much lower. Onl¥ additions of Si and Mn produce
significanitly different behavior. Silicon additions produced the highest levels of SWBllIﬂ?_lelOWIng
irradiatioh at 365°C and manganese caused densification. Otherwise, swelling levels were limited to the
range 0-0.2%.

When compairing these results with TEM results on alloys with 1.0% solute_irradiated at 425°C to 30 dpa,
similar buit not identical response is found. The 4z5°¢ lower dose irradiation had appeared to indicate
that Ta additions produced the greatest swelling and Si additions produced the lowest swelling, whereas
neither trend was found following irradiation to higher dose. Also, irradiation at the lower temperature
of 355-C b similar neutron dose shifted highest swelling response from Mn, W, and Ta to Si, and_
significanitly reduced the amount of swelllng. Swelling 1s higher foIIowunﬁ irradiation at the higher
tamperature For all cases except Si. Therefore, Si a?pears to represent the interesting case where solute
additions can shift the peak swelling temperature to lower temperatures.

Microstructural Examination

Microstruckural examination revealed that swelling as indicated by density change was due to void .
formation. Examples of _the microstructures at low magnification are given in Figures 2 through 5. Figures
2 and 3 show void distributions following irradiation at 265-C for 0.1% and 1% solute_levels, resgectlvely,
and Figuret 4 and 5 provide similar information at lower magnification for specimens irradiated at 410°C.
Voids can ve identified in each micrograph, but densities are low and void sizes small following
irradiatioh at 355°C, whereas after irradiation at 410°C, void distributions are more uniform and voids_
sizes are llarger with_the largest void sizes corresponding to specimen conditions with the _largest density
change. Tte fow density_change_response in the vanadium containing_alloys following irradiation at 410°C
can be attributed to limited void growth, but for the alloy containing o:1% Ta low Swelling appears to be
due to deliy=d void nucleation.

Many of th:lse micrographs show a mottled background contrast due to phase instability. Phase instability
Is most aprparent in specimens irradiated at 355-C; all micrographs in Figures 2 and 3 show_background
mottling typical of & phase separation. Phase instability 1s less apparent in specimens irradiated at
410°C as indicated by a_lower density of second phase particles. In fact, for alloys containing Mn and Ta,
orecipitation is very difficult to recognize, indicating the Mn and Ta additions tend to discourage a
formation,

»
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Fig. 2. sw«felling microstructures in fe-locr-0.14 alloys following irradiation at 3¢5-C to 30 dpa for a)
Si,b) V, ¢) Mn, d) W, e) Ta and F) Zr.



G .,\

. Swelling microstructures in Fe-10Cr-1M alloys follo
c) Mn, d) W, e) Ta and f) Zr.

s . -

Fig. 4. Swelling microstructures in Fe-10Cr-0.1M alloys following irradiation at 410°C to 100 dpa for a)
Si, b) V, ¢) Mn, d) W, e) Ta and f) Zr.

Microstructural evolution is shown in greater detail for specimens irradiated at 410°C_to 100 dpa in
Figures 6 through 17. In each case, the same area iIs_shown u5|n% three imaging conditions. Where
possible, for a foil orientation near {011), dislocation contrast using g = 011 is given in part a),
dislocation contrast using g = 200 is given in part b} and void contrast is provided In part c)._
Exceptions occur_in Figures 8 and 9 for V containing specimens and Figure 14 for 0.1% Ta where it was not
possible to obtain acceptable imaging conditions for a foil orientation near (011) and sSo part a) uses § =
110 and part b) uses g = 200 for a foil orientation near (001).

To interpret these micrographs, the following may be noted. Comparison of § = 0liand 200 images shows all
a<100> and 3<111> dislocations present. In g = 200 contrast, a[100] dislocations are in strong contrast
and all §<1f1> dislocations are in weaker contrast. In g = 011 contrast, the remaining a[010] and a{001]
dislocations and half the 3<111> dislocations are In contrast. Therefore, the shape and distribution of
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Fig. 5. Swelling microstructures in re-10¢»-14 alloys following irradiation at 410°c to 100 dpa for a) Si,
b) V, c¢) Mn, d) W, €) Ta and f) Zr.
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Fig. 6. Microstiructure of Fe-10Cr-0.18i following Irradiation at 419:c to 100 dpa in dislocation contrast
using g = 011 in &), dislocation contrast using § = 200 in b) and void contrast in ¢) for a foil
orientation near (O11).

all a<100> and 3<111> dislocations can be determined. Figure 12 is provided to simplify void shape
determination, sI"lowing, for a foil in (011) orientation, void shapes from cubes to octahedra with

intermediate truication in part &), and void shapes from cubes to dodecahedra with intermediate truncation
in part b).

‘ For example, Figure 6 of Fe-10Cr-C, 131 shows strong vertical dislocation images In g = 200 contrast

; corresponding to a<100> loops and smaller equiaxed loops In weaker contrast corresponding to <111> loops.
} Voids are found to be dodecahedral with slight (100) truncation based on comparison with Figure 18. In
Tike manner, Figure 7 of Fe-10Cr-1$i also contains large a<100> loops, but 2<111> dislocations are long and
winding, connected in a network, and larger voids are truncated octahedra (§1lghtlg tilted from a perfect
(011) orientatiop) However, smaller voids are a different shape, with greater (100) truncation
approaching cubes.” At lower dose, it was found that small cube shaped voids formed in Fe-1dCr-1Si but
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Fig. 7. Microstructure of Fe-10Cr-154 Following irradiation at 410°C to 100 dpa in dislocation contrast
using g = 011 in @), dislocation contrast using § = 200 in h) and void contrast in c) for a foil
orientation near (011).

Fig. 8 Microstructure of re-10cr-0.1v following— irradiation at 410°c to 100 dpa in dislocation contrast
using g = 110 in @), dislocation contrast using g = 200 in b) and void contrast in c) for a foil
orientation near (00f)

small dodecahedral voids formed in Fe-10Cr-0.1Si'* and therefore, as cubic voids grow, with 1% Si present,
a different void shape results.

Because foil orientations are near (0ol}, interpretations from Figures 8 and 9 for alloys containing V are
more difficult. Figure 8 for f=-10C+-0.1¥ shows a dislocation structure with z<1¢0> loops and a network of
both a<100> and $<111> dislocations and_voids of dodecahedral shape with yarzlng degrees of (100)
truncation. The void shape is distinguishable from the fringe structure in Figure 8 b) indicating (110)
truncation rather than (111) truncation. Figure 9 for Fe-10Cr-1v shows a dislocation structure with large
a<100> loops,_smaller 3<111> IooPs and a network of 3<i11> dislocations. Voids can be either cuboidal with
(110) truncations or dodecahedral with (100) truncations. However, void shape is not directly related to
void size, so void growth does not appear to result in a change in void shape.



124

C * o sl
i L ; —-iio

Fig. 9 Microstructure of Fe-10Cr-1V following irradiation at 410°C _to 100 dpa in dislocation contrast
using g = 110 in a), dislocation contrast using g = 200 in b) and void contrast in c) for a foil
orientation near (001).

Fig. 10. Microstructure of Fe-10Cr-0.1Mn following irradiation at 410-C to 100 dpa in dislocation contrast
using g = 011 in a), dislocation contrast using g = 200 in b) and void contrast in ¢) for a foil
orientation near (011).

Microstructural development following irradiation at 410°C to 100 dpa in alloys with Mn additions gave
similar but not identical response. Figures 10 indicates that for Fe-10Cr-0.1Mn, the dislocation structure
consists of a<100> loops and a network of 2«<111> dislocations and voids are dodecahedral with {110)
truncations. Figure 11, for Fe-10Cr-1Mn shows similar dislocation structure but voids are cuboidal with
(110) truncations. Some of the largests voids were found to have large (110) truncations.

With alloys containing W additions, the level of W did not significantly change response. Figures 12 and_
13 appear similar. Dislocation structures contain a<100> loops and a network of $<111> dislocations. This
may account for the similarity In swelling response, as shown in Table I.
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Fig. 11. Microstructure of Fe-10Cr-1Mn following—irradiation at 410°C to 100 dpa in dislocation contrast
using § = 011 in &), dislocation contrast using g = 200 In b) and void contrast in c) for a foil
orientation near (011).

g S Yo

Fig. 12. Microstructure of Fe-10Cr-0.1W following irradiation at 410°C to 100 dpa in dislocation contrast

using @ = 011 in a), dislocation contrast using § = 200 in b) and void contrast in ¢) for a foil

orientation near (011).

Figure 14, showing the microstructure of Fe-10Cr-0.1Ta is again for a foil near (001) orientation.
Interpretation is difficult, but the dislocation structure consists of a<100> loops and a network of $<111>
dislocations. Figure 15 shows the only grain found with a (011) orientation in a specimen of Fe-10Cr-17a.
The dislocation structure contains a<100> loops and a network of £<111> dislocations, possibly including
a<100> segments. Of particular note is that the void shape is different, corresponding to a shape midway

between a cube and a dodecahedron.
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Fig. 13. Microstructure of Fe-10cr-1w following irradiation at 410°c _to 100 dpa in dislocation_contrast
a

using @ = 011 in a), dislocation contrast using g = 200 in b) and void contrast in ¢} for a foil

orientation near (011).
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Fig. 14. Microstructure of Fe-10Cr-0.17a following irradiation at 410-c to 100 dpa in dislocation contrast

s

using g = 011 in @), dislocation contrast using § = 200 in b) and void contrast in c) for a foil
orientation near (011).

The microstructure of Fe-10Cr-0.1Zr shown in Fi?ure 16 is_similar to that of Fe-10Cr-1Ta. The dislocation
structure contains a<100> loops and a network of 2<111> dislocations, and voids are midway In shape between
cubes and dodecahedra. However, as shown in Figure 17, Fe-10Cr-1Zr develops a different dislocation
structure, consisting mainly of small 3<111> loops but with some a<100> loops. Void shapes remain midway
between cubes andhdodecahedra.

In comparison, microstructures created by irradiation at 365 to 30 dpa contained a more dense dislocation
loop structure and void swelling was less developed. Interpretation of the dislocation loop structure was
complicated by the presence of precipitation, believed to be a’. However, in general, behavior was not
very different from response at 410 to 100 dpa and therefore in order to simlify reporting, the
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Fig 15. Microstructure of Fe-10Cr-1Ta f0110w1ng irradiation at 410°C to 100 dpa in dislocation contrast
using g = 011 in a), dislocation contrast using g = 200 in b) and void contrast in c)®for a foil
orientation near (011).

. Fig. 16. Microstructure of Fe-10Cr-0.1Zr f0110w1ng irradiation at 410°C to 100 dpa in dislocation contrast
using g = 011 in a), dislocation contrast using § = 200 in b) and void contrast in c) for a foil
orientation near (011).

microstructures will not be shown. Instead, the observations are only described below and tabulated in
Table 2 along with results irradiation at 410°C to 30 and 100 dpa.

In Fe-10Cr-1Si irradiated at 365°C to 30 dpa, the dislocation structure was difficult to interpret. The
a<100> loops were present, and it is Tikely that §<111> loops were also present. Voids were dodecahedral
with slight (100) truncations. In comparison, Fe-10Cr-1Si contained larger a<100> loops and a network of
%<111> dislocations, indicating greater dislocation evolution in accordance with higher swelling. However,
voids in the alloy containing 1% Si were cuboidal with (111) truncations, one of the few examples of (111)
truncation in this series of alloys.

In Fe-10Cr-0.1V following irradiation at 365°C, the dislocation structure contained a<100> loops and §<111>
network dislocations, and voids were dodecahedra with (100) truncations. Dislocation evolution was
significantly reduced in the Fe-10Cr-1V, consisting of small Toops, probably of both a<100> and —<111>
type. Voids in the 1% V alloy were a]so dodecahedra with (100) truncations.
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Table 2. Summary of results of microstructural observations on irradiated Fe-Cr-M alloys
I 365°C o 30 dpa 426°C to 30 dpa I 410°C to 100 dpa
Alloy Dislocations Voids Dislocations Voids Dislocations ~ Voids |
Fe-10Cr- <100> Toops |{110} > {100} |both 1 & ntw| {110} > {100) both Toops {110} > {100}
0.1Si <111> ntw {100} > {110}
Fe-10Cr-1Si | both Toops {100} > (111} |[both ntw {100} > {110} 100 loops 111|1g {111}>(100}
network sm {100}>{111)
Fe-10Cr-0.1V | <100> loops |{110} > {100} |[both 1 & ntw| {110} > {100} <100> 1 & ntw | {110} > {100}
<111> ntw <111> ntw
Fe-10Cr-1V | both loops |{110) > {100} |[<100> loops |{110} > {100) <100> loops {110} > (100)
<111> 1 & nt {100} > {110}
Fe-10Cr- <100> loops |[{110} > {100} |both 1 & ntw|{110} > {100} <100> loops {110} > {100}
0.1Mn <111> ntw <111> ntw
Fe-10Cr-1Mn | <100> loops | {100} > {110} |[both ntw {100} > {110} <100> Toops {100} > {110}
<111> ntw <111> ntw
Fe-10Cr-0.1W | <100> Toops |{110} = {100} |both 1 & ntw|{110} > {100) <100> loops {100} = {110}
<111> ntw <111> ntw
Fe-10Cr-1W both*Toops {110} > {100} |[both ntw {110} > {100} <100> loops {110} > {100}
. <111> ntw
Fe-10Cr- <100> Toops |{100} > {110} |both 1 & ntw|1g {100} = {110} |<100> Toops {100} > {110}
0.1Ta <111> ntw sm {100} = {110} |<111> ntw
Fe-10Cr-1Ta |[<100> loops | {110} = {100} |both ntw {110} > {100} <100> loops {100} = {110}
<111> ntw <111> ntw
Fe-10Cr- <100> loops |[{110} > {100} |both 1 & ntw|{110} > {100} <100> Toops {100} = (110}
0.1Zr <111> ntw ' <111> ntw
Fe-10Cr-1Zr | <111> loops |{110} = {100} |<111> loops |{110} > {100} <111> Toops {100} = {110}
21NN~ Tannc

Fig. 17. Microstructure of Fe-10Cr-1Zr following—irradiation at 410°C to 100 dpa in dislocation contrast

using g

orientation near (011).

= 011 in a), dislocation contrast using g = 200 in b) and void contrast in ¢} for a foil
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CUBIC VOIDS [110] ORIENTATION OCTAHEDRAL VOIDS
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N

Fig. 18. Void shapes for a foil in (011) orientation, from cubes to octahedra with intermediate truncation
in a), and from cubes to dodecahedra with intermediate truncation in b).

The dislocation structures in alloys containing M following irradiation at 365°C both contained a<100>
loops and a network of 2<111> dislocations. However, void shapes were found to be different, with voids in
the 0.1% M alloy of doéecahedra] shape with (100) truncations, whereas in the 1%alloy, voids were cubic
with only small (110) truncation.

Following irradiation at 365, alloys containing W again behaved similarly. Dislocation structures
consisted of a<100> loops and <111> network dislocations, but in the alloy containing 1%W, some large
;«:111> loops were also found. "In both alloys, voids were between cubic and dodecahedral shapes with
several examples found of truncated cubes and dodecahedra in the same field of view. Similar results were
found for alloys containing Ta. Dislocation structrures contained a<100> loops and %<111> network
dislocations. Voids were cuboidal with (110) truncations in the case of 0.1% Ta, an8 varied between
truncated cubes and dodecahedra in the case of 1%Ta.

In Fe-10Cr-0.1Zr following irradiation at 365°C, the dislocation structure contained a<100> loops and
*<111> network dislocations. Voids were probably dodecahedra with (100) truncations. The alloy containing
i% Zr had a dislocation structure that was quite different, and more characteristic of other irradiation
conditions for specimens containing Lr. It was probably dominated by £<111> loops, (but the images were
not sufficiently clear for absolute identification.) In this case, voids were midway between cubes and
dodecahedra.

Discussion

The purpose of this experiment was to investigate effects of solute additions on microstructural
development under fast neutron irradiation. The first set of results based on irradiation at 410°C to 30
dpa indicated that large changes in swelling response and microstructural evolution did arise from
differences in solute addition. The present results provide confirmation that these difference can be
maintained to higher dose, and similar behavior occurs at a lower irradiation temperature as well. The
purpose of this discussion section will be to provide comparison of the behavior as a function of
compositon, temperature and dose.

It can first be noted that additions of solute, either at the 0.1% or 1%level, do appear to lead to
reductions in swelling in comparison with the simple binary alloys. Fe-9Cr and -12Cr binary alloys have
been irradiated in the Experimental Breeder reactor to 95 dpa resulting in 4.2 and 4.7% swelling,
respeCt‘ive‘Iy.12 As neutron spectra are similar in FFTF and EBR-11, it appears reasonable to conclude that
swelling levels of less that 4.0%, as found in the present study, represent examples of reduced swelling
due to solute additions even for the case of Fe-10Cr-1Mn, and certainly for all other alloy conditions.

As noted for the case of alloys containing Si irradiated at 365°C, solute additions can also result in
shifts in the peak swelling temperature. This is obviously the case both in comparison to other alloying
additions and to the base binary alloy composition, where peak swelling is generally found to be about
425°C,
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Comparisons of the effects of the various solute additions on microstructural development are difficult to
make due to the large number of observations provided by the present study. Table 2 has been organized in
order to simplify such comparison procedures. Table 2 provides summaries of dislocation and void
information for each of the alloys studied following irradiation at 365°C to 30 dpa and following
irradiation at 410°C to 30 and 100 dpa. To simplify the table, several notational abbreviations have been
used. Dislocation notation <100> and <1i1> refers to a<100> and 3<111>, 1 to loops, ntw to network, |g and
sm to large and small, and void shape is denoted by the most stabfe plane present, so that (110) » (100)
means that voids are dodecahedral with (100) truncations.

From Table 2 it can be shown that void shape is invariant for a given alloy except when voids grow large
after irradiation at 410°C to 100 dpa. At high dose, differences arise in alloys containing Zr, 0.1% W and
1% Ta where void shape shifts midway between cubes and dodecahedra, and in alloys containing 1%Si where
large voids become octahedral. Similar invariance is found with dislocation structures except that at
410°C and high dose, all conditions show a<100> loops whereas evidence for network evolution was indicated
at lower dose. An explanation for this behavior is not straightforward. It may indicate a<100> loops only
grow to a finite size asS a result of solute segregation, and that network evolution is not as
straightforward as expected.

CONCLUSIONS

Marked differences in dislocation evolution and void shape following neutron irradiation were found as a
function of alloying in a series of Fe-10Cr alloys with solute additions of Si, V, Mn, W, Ta, and Zr.
Swelling level, void shape, and dislocation configuration vary as a function of the various solutes present
in the same manner as seen previously at lower dose. However, two additional observations were made.
Irradiation at the lower temperature promotes precipitation of chromium rich a” phase and reduces
microstructural evolution. Also, irradiation to higher dose reduces the effect each solute has by reducing
the wide variation in void shape and dislocation evolution that were found at lower dose.

FUTURE WORK

Quantitative void swelling measurements remain to be performed to complete this work.
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Postirradiation Deformation Behavior in Ferritic Fe-Cr Alloys - M. L. Hamilton and 0. s. Gelles, (Pacific
Northwest Laboratory)" and P. L. Gardner, (University of MiSsouri-Rolla)

OBJECTIVE

The objective of this effort is to provide an understanding of postirradiation deformation behavior in
martensitic stainless steels by studying behavior in simple alloys.

SUMMARY

It has been demonstrated that fast neutron irradiation produces significant hardening in_simple Fe-(3-18)Cr
binary alloys irradiated to about 35 dpa in the temperature range 365 to 420-C, whereas irradiation at
574-C produces h@rdenlng only for 15% or more chromium. The irradiation-induced changes_in tensile
properties are discussed in terms of changes in the power law work hardening exponent. The work hardening
exponent of the lower chromium alloys decreased significantly after low temperature irradiation (< 420-C)
but increased after irradiation at 574-C. The higher chromium alloys failed either in cleavage or in a
mixed ductile/brittle fashion. Deformation microstructures are presented to support the tensile behavior.

PROGRESS AND STATUS
Introduction

Ferritic/martensitic steels continue to be considered for application as structural materials in proposed
fusion irradiation devices. Since it is not possible to duplicate for testing purposes the irradiation
conditions anticipated in a fusion device, significant effort is devoted to understanding the fundamental
irradiation response of ferritic materials to facilitate extrapolation to a fusion environment from the
response in the available fission environment. Experiments on simple alloys have therefore been included
in the fusion materials program to allow comparison with the behavior of more complex alloys.

Miniature tensile specimens of six binary Fe-{3-18)Cr alloys were previously irradiated in the Fast Flux
Test Facility (FFTF) and tested at room temperature.” Neutron exposures ranged from -7 dpa at 365°C to -35
dpa at 403 and 574°C. Significant hardening was observed in alloys irradiated at 365 and 403-t, whereas
irradiation at 574°C produced hardening only for chromium levels of 15% or more. Several unusual types of
yield behavior were also observed that raised questions about the deformation response of the alloys. The
work hardening behavior of the alloys was therefore determined to provide an improved understanding of
post-irradiation deformation response in simple ferritic alloys. Deformed microstructures were also
examined using transmission electron microscopy.

ExDerimental Procedure

The load and displacement data obtained in reference 1 were digitized manually between the 0.2% offset
yield point and the maximum load, and converted to true stress and true strain according to ¢ = s{e+1) and
: = In{e+1), where ¢ and « are true stress and strain, respectlvelg, and s and e are_engineering stress and
strain, respectively. The data were fit by linear regression to the power law definition of strain
hardening, « = K<", ‘where K is a constant.” The strain_hardening coefficient n was determined as the slope
of log o versus log £ for .as many tests as possible. The value of ¢ for the regressions was generally on
the order of 0.9 or higher, except where brittle failure precluded the reasonable application of the work
hardening concept.

Transmission electron microscopy disks were successfully prepared from the gauge sections of two tested
tensile specimens. The thinned area being examined was therefore located about 1.5 mm from the actual
fracture surface, theoretically well within the uniformly deformed region of the gauge. Microscopy was
performed on a 1200£x electron microscope operating at 120 keV.

Results
Previous Tensile Data

The original tensile data are summarized in Figure 1. Only yield stren?th and total elongation are shown
since the ultimate tensile strength and uniform elongation behaved similarly. Significant hardening and

loss of ductility were observed at all chromium levels after irradiation at 365 and 403°C (to -7 and -35

dBa, respectively). Similar irradiation-induced changes in behavior after irradiation at 574-C were only
observed for chromium levels of 15%or more.

‘“pacific Northwest Laboratory is operated for the U.S. Department of Energy by Battelle Memorial
Institute under Contract 0t-AC06-76RLO 1830.
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Fig. 1. Room temperature tensile data on Fe-(3-18)Cr binary ferritic alloys irradiated in FFTF to -7

dpa (365°C) and -35 dpa (403 and 574°C).
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Fig. 2. Schematic representations of unusual yield phenomena observed in room temperature tensile tests
on binary ferritic alloys.

Schematic examples of the unusual yield responses that were observed are shown in Figure 2. The hatch
marks on each type of curve delineate the data used for the determination of the work hardening
coefficient. The "bump" occurs as a short, gradual decrease in load from the maximum load, very shortly
after the 0.2% offset yield point. A yield plateau was sometimes observed, although it was not preceded by
the upper yield point that is typical of ferritic alloys, nor did it exhibit the irregularities typically
associated with the propagation of Ldéder’s bands. The third type of unusual response could be
characterized as a slight "wow" in the elastic portion of the data, where the data immediately preceding
and succeeding the "wow" are collinear.

The possibility that equipment-related problems could be the source of any of these unusual behaviors was
eliminated by repeated checks on the machine operation. All three of these types of behavior were
reproducible when duplicate specimens were available and allowed multiple tests of the same alloy
condition. Both the "bump" and the yield plateau phenomena have also been observed in tensile data
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The 12cr specimens exhibited virtually identical values of n in the unirradiated condition and following
irradiation at 574°C, but exhibited hiahly variable values at the lower irradiation temoeratures. where the
"wow" appeared in_the load-displacement curves. The 12Cr specimens also exhibited a yield plateau in the
unirradiated condition similar to that shown by the 3 and ¢Cr alloys.

The 15Cr specimens exhibited a large amount of variability in the values of n obtained for the unirradiated
condition, consistent with the varrability in the tensile data_itself.” Most of the specimens irradiated
at the lower temperatures failed by cleavage. Those iscr specimens for which valid n values were
de%ermlned exhibited almost classic elastic-perfectly plastic load-displacement traces, hence the very low
values of n.

The work hardening coefficient data are summarized in Figure 8. It is evident that the lower Cr alloys are
reduced to very low n values at low irradiation temperatures, which then increase with increased
irradiation temperature. The low values of n appear to be associated with load-displacement traces
exhibiting "bumps". VYield plateaus appear to be associated with unirradiated material only, and the
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variability evident in the values of n for the 1zc+ alloy at the lower irradiation temperatures appears to
be associated with load-displacement traces exhibiting a "wow".

Electron Microscopy

Two specimens were prepared for transmission_electron microscopy, one each of the 6 and 12c+ alloys, from
the gauge sections of miniature tensile specimens that had been irradiated at 403:¢ and then tensile tested
at room temperature. Uniform elongations were on the order of 0.8 for both tensile tests. The Rurpose of
the microscopy examinations was to determine the consequences of postirradiation deformation on the
dislocation structure.

The dislocation structures contained a<100> loops and §<111> dislocation line segments similar to those
found in fFe-scr and Fe-12Cr specimens irradiated at 403-C to 15 dpa.? Examples are given in Figures 9 and
10 for Fe-6Cr and Fa-i12¢r, respectively. The dislocation structure was imaged In each case using both
g=011 and 200 for a %raln tilted near <011> and then with either g=i19 or 101 after further tlltln%. The
200 contrast image shows one set of a{(00] loops in strong contrast elongated vertically and all of the
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Fig. 9. Dislocation structures in an area of the gauge section of a specimen of Fe-6Cr irradiated at
403°C to 37.3 dpa using (a) 011, (b) 200 and (c) 110 contrast. .

a
-t 5]

Fig. 10. Dislocation structures in an area of the gauge section of a specimen of Fe-12Cr irradiated at
403°C to 37.3 dpa using (a) 011, (b) 200 and (c) 101 contrast.

2<111> dislocation segments in weaker contrast. In comparison, the 011 contrast shows the other sets of
a<100> Toops and only half of the $<111> dislocation line segments.

No interactions are apparent between the $<111> Tine segments and the a<100> Toops in Figures 8 and 9. Nor
are there indications of distorted a<l100> loop shapes. Stereoscopic examination of stereo pair micrographs
confirmed that there was no interaction between the §<111> dislocation line segments and a<100> loops, as
well as the absence of any irregularities in the size or shape of a<100> Toops. Deformation does not
appear to have occurred in either of the regions examined despite their proximity to the fracture, and the
local strain in these regions is therefore effectively zero rather than the 0.6% indicated by the uniform
elongation data.
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Discussion

This work was initiated to provide further gnderstanding of the consequences of the complex dislocation
structures encountered in irradiated ferritic alloys. Such dislocation structures generally included both
2<i11> and a<100> Burgers vectors, the former common in unirradiated ferritic alloys, but the latter
generally occurring only as a result of radiation damage. furthermore, it has been suggested that channel
eformation may occur in ferritic alloys following irradiation,” although it was not observed in this
study. Further investigation of deformation in ferritics was therefore warranted.

This work has demonstrated that the ability of a material to work harden is decreased when radiation
significantly increases dislocation densities, but after irradiation at higher temperatures, the work
hardening caﬁability can increase. It remains to be seen whether a high pre-irradiation dislocation
density, such as that conferred by cold work, could exhibit similar decreases in work hardening capability
with the creation of §<1il> and a<100> dislocations during irradiation. Such a study could be considered
in the future, but similar reductions in work hardening coefficient are unlikely due to inherent
limitations in the hardenability of a material.

The_observation that no_interaction could be found between mobile 3<111> dislocations and a<100> loops in a
region ap?rOX|m§tely 1.5 mm from the fracture surface and in the gauge section characterized by 0.6%
uniform elongation appears to verify the potential for channel deformation in irradiated ferritic alloys.
Further efforts appear to be warranted to determine the possible existence of channel deformation and its

mechanism.

CONCLUSIONS

The work hardening capability determined for Fef(a-Q)Cr_followinﬁ irradiation was significantly reduced for
low irradiation temperatures (365-403-C) but was effectively unchanged at 574-C. The response in fe-12Cr
was different, with unusual yield behavior in the elastic regime and wide scatter in the work hardening
coefficients for low temperature irradiation.

Microstructural examination of irradiated and deformed fe-5Cr and fe-12Cr specimens with nominally 0.6%

uniform deformation showed no_interaction between $<111> network dislocations and a<100> loops. ‘Localized
rather than uniform yielding is indicated.

FUTURE WORK

This effort is comoleted
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6.0 DEVELOPMENT OF STRUCTURAL ALLOYS

6.1 Ferritic Stainless Steels
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CHARPY IMPACT TOUGHNESS OF MARTENSITIC STEELS IRRADIATED IN FFTF EFFECT OF HEAT
TREATMENT - R. L. Klueh and D. J. Alexander (Oak Ridge National Laboratory)

OBJECTIVE

The goal of this study is to evaluate the impact behavior of irradiated ferritic steels and relate the change in properties to the
heat treatment of the steel.

SUMMARY

Plates of $Cr-IMoVNb and 12Cr-1MoVW steels were normalized and then tempered at two different tempering conditions.
One-third-size Charpy specimens from each steel were irradiated to 7.4-8x10% n/m? (about =35 dpa) at 420* C in the Materials
Open Test Assembly (MOTA) of the Fast Flux Test Facility. Specimens were also thermally aged to 20,000 h at 400°C to
compare the effect of aging and irradiation. Previous work on the steels irradiated to 4-5 dpa at 365°C in MOTA were
reexamined in light of the new results. The tests indicated that prior-austenite grain size, which was varied by different
normalizing treatments, had an effect on impact behavior of the 9Cr-1IMoVNb hut not on the 12Cr-1MoVW, Tempering
treatment had relatively little effect on the shift in DBTT for both steels. Conclusions are presented on how heat treatment
can he used to optimize properties.

PROGRESS AND STATUS
Introduction

The effect of irradiation on the toughness of ferritic/martensitic steels is a prime concern when these steels are considered as
structural materials for magnetic fusion reactors. At temperatures up to =450°C, neutron irradiation causes large increasesin
the ductile-brittle transition temperature (DB'IT) and decreases in the upper-shelf energy (USE), as determined in a Charpy
impact test. For these steels to he used successfully,it is necessary to understand this irradiation effect and develop steels in
which the effect is minimal.

Heat treatment variations affect the kind of microstructure (e.g., prior austenite grain size, dislocation structure, and the
character of the precipitates) developed in Cr-Mo steels, and microstructure determines the mechanical properties, such as the
impact behavior. Thermal aging can also affect microstructure, and thus, mechanical properties. This paper examines how heat
treatment, thermal aging, and irradiation affect Charpy impact behavior of the 9Cr-1MoVNb and 12Cr-1MoVW steels that are
prime candidate alloys for fusion reactor applications. Irradiations were at 365 and 420-C. The 365+C results were presented
previously in limited detail [1]. They will be presented here again ,alongwith Charpy curves, and they will be discussed in light
of the 420°C tests and the thermal aging results.

Emerimental Procedure

The $Cr-1MoVNb (modified 9Cr-1Mo) steel was taken from an argon-oxygen decarburized (AOD) and electroslag-remelted
(ESR) heat (Heat 30176) processed by Carpenter Technology into 25.4-mm-thick plate. The 12Cr-IMoVW steel (Sandvik HT9
composition)was from an AOD/ESR melt that was processed into hot-rolled plate (National Fusion Heat $607-R2) by Universal
Cyclops. Compositions for the steels are given in Table 1

Sections of 25.4-mm plate were rolled to 9.5-mm plate for heat treatment to obtain the Charpy specimens. Plates 88.9 by 152
by 9.5 mm were normalized and tempered. Two plates of $Cr-1MoVNb and two plates of 12Cr-1MoY'W were austenitized 1h
at 1040°C and air cooled; two plates of each steel were also austenitized 1h at 1100°C and air cooled. Then one plate with
each normalization treatment was tempered 1h at 760°C or 25 h at 780°C.

Subsize Charpy specimens essentially one-third the standard size measuring 3.3 by 33 by 254 mm with a 0.51-mm-deep 30'
V-notch with a 0.05-to 0.08-mm-root radius were taken from the center of the normalized-and-tempered plates along the rolling
direction with the notch running transverse to the rolling direction (L T orientation). Specimens were irradiated in the Fast
Flux Test Facility (FFTF) in the Materials Open Test Assembly (MOTA) in the MOTA 1E experiment.
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For the 420" Cirradiations, specimensaustenitized at 1040 C and tempered at 760and 780 ° C were used. SIX Charpy specimens
from each heat-treated condition were irradiated, The 9Cr-1MoVNb steel tempered at 760 and 780°C was irradiated to
fluences of 7.8 and 8.0x10* n/m? (=36 and 37 dpa), respectively; the 12Cr-1MoVW steel tempered at 760 and 780°C was
irradiated to fluences of 74 and 7.8x10” n/m?2=34 and 36 dpa), respectively. Less than 5 appm He formed in the specimens
during irradiation.

The results from the 420 C irradiations are to he compared with results from the 365°C irradiations [1]. In that experiment,
six Charpy specimens from each heat and each heat treatment (1040 and 1100°C austenitization treatments and 760 and 780° C
tempering treatments for each austenitization treatment) were irradiated in the below-core region of MOTA in a sodium
"weeper" at #3635 * C, which is slightly above the coolant ambient temperature. All of the 9Cr-1MoVNbD steel specimens were
irradiated to a fluence of about 1.3 X 106 n/m? (>0.1 MeV), which produced 5 dpa. The 12Cr-1MoVW steels were in a
different position in the below-core region and received about 1.1x 10* n/m? ~4 dpa, at 365°C. Less than lappm He formed
in these specimens during irradiation.

In addition to the unirradiated normalized-and-tempered specimens and the irradiated specimens, a series Of thermally aged
1/3-size Charpy specimenswas also tested. Specimensfor both steels were thermally aged in all four nermalized-and-tempered
conditions; aging was at 400°C for 5000, 10000, and 20000 h.

Details on the test equipment and procedure for testing the subsize Charpy specimens have been published [2]. Individual
Charpy data sets were fitted with a hyperbolic-tangent function to obtain the transition temperatures and upper-shelf energies.
Transition temperatures were determined at half the upper-shelf energy.

Results

Tempered martensite microstructures were observed after the steels were normalized and tempered. One objective was to
determine the effect of grain size. Grain size was varied by austenitizingat 1040and 1100°C. The difference in grain size for
the different austenitization treatments is shown in Figs. 1and 2; grain sizes are given in Table 1 The different austenitizing
treatments resulted in a small difference in average grain diameter for the 9Cr-1IMoVNb steel (Fig. 1): 20 and 30 um for the
1040 and 1100°C, respectively. A larger difference occurred for 12Cr-1Mo VW steel (Fig. 2): 32 and 105 mm for 1040 and
1100° C, respectively.

Y218576 Y218577

e
F, o

Fig. 1. Microstructures of 9Cr-1MoVNb normalized by annealing 1h at (a) 1040° C and
(h) 1100+ C followed by an air cool.
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Y218578 Y218579

Fig. 2 Microstructures of 12Cr-1MoVW normalized by annealing 1 h at (a) 1040+C and
(b) 1100+ C followed by an air cool.

Table 1. Chemical composition of steels tested

C Si Mn P S Cr Mo N Nb N

9Cr-1MoVNDb 0.092 015 048 0.012 0004 832 086 0.09 006 0.054
12Cr-IMoYW 020 017 057 0016 0.003 12.1 104 051 0.027

The effect of the normalizing-and-tempering heat treatment (no irradiation or thermal aging) on the Charpy impact behavior
canbe seen in Table 3. For the 9%Cr-1MoVNb steel austenitized at 1040and 1100°Cand given a common tempering treatment
(either 760 or 780+ C), the steel austenitized at 1040°C had the lowest DB'IT. There was little difference in the USE. The
only effect of austenitizing temperature for the 12Cr-1MoVW steel is the slightly lower DBTT for the steel tempered at 780°C

after austenitizing at 1100°C, although the difference was small. The USE of the 12Cr-1IMoVW given the 1100°C
austenitization treatment (for a common tempering treatment) had a slightly lower value than that given the 1040« C treatment.

Tempering (for a given austenitization temperature) affected the 9Cr-IMoVND steel: tempering at 780°C lowered the DBTT
relative to the 760° C temper. The USE was not affected. Much less effect of tempering occurred for the 12Cr-1MoVW steel.
No change in DBTT was observed for the specimens austenitized at 1040 C, but after austenitizingat 1100°C, the DBTT for
specimens tempered at 780°C showed a decrease relative to that for specimens tempered at 760<C. The USE of the 12Cr-
IMoV'W steel increased slightly with increasing tempering temperature for both austenitizing temperatures.

Thermal aging for up to 20000 h at 400°C had little effect on the Charpy behavior of the 9Cr-1MoVNb and 12Cr-1IMoVW
steels (Table 3). The largest effect was for 9Cr-1IMoVNb normalized at 1100°C and tempered at 760°C, which showed a
lowering of the DBTT with aging time. The USE for this heat treatment increased slightly.

Table 4 gives the unirradiated and irradiated DBTT and USE values along with the increase in DBTT (aDBTT) and decrease
in USE {aUSE). Figures 3 to 6 show Charpy curves for the irradiated specimens along with curves for the unirradiated
specimens. lrradiation caused an increase in DBTT and a decrease in USE for all conditions. For all conditions, the shift in
DB'IT for the 12Cr-1MoVW steel was over twice that for 9Cr-IMoVNBb,
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The aDBTT for the 9Cr-1MoVNb specimens austenitized at 1100* C (the ones with the largest grain size) and irradiated to =5
dpa at 365+ C were #10*C higher than those austenitized at 1040 C (Fig. 3). However, tempering had no effect on aADBTT.
The aUSE was also fairly constant, although the change in USE was slightly less after the 780*C temper (for a given
austenitization temperature).

Irradiation of the 12Cr-1MoVY'W steel at 365°C, resulted in little difference in the DBTT for the four different heat treatments
(Fig. 4. The USE values for all four conditions also appeared similar after irradiation. The only noticeable difference was in
the USE values after austenitizing at 1100+ C, where the steel tempered at 780° C had a significantly higher USE than that
tempered at 760°C,

When the $Cr-1Mo¥Nb was irradiated to 36 dpa at 420° C (Fig 5), the specimens austenitized at 1040+ C and given the two
different tempering treatments developed similar aDBTTs (39 and 45° C). Thus, the heat treatment with the lowest DBTT and
highest USE before irradiation maintained that relative position after irradiation. There was a somewhat larger difference for
the 12Cr-1MoV'W steel irradiated at 420+ C (Fig. 6), where the specimens tempered 25 h at 780-C developed a slightly larger

aDBTT and aUSE,

Discussion

The change in grain size. (Table 2) caused by different austenitization temperatures was considerably greater for the 12Cr-
IMoVW (32 and 105 um for 1040 and 1100°C, respectively) than for the 9Cr-1MoVNb (20 and 30 zm for 1040 and 1100°C,
respectively). The smaller change for the 9Cr-1MaoVNb is attributed to the niobium in this steel; niobium inhibits grain growth.

The prior austenite grain size effect on Charpy behavior can be discerned by comparing the behavior of steels given the 1040
and 1100+ C austenitizingtreatment and then given a commontempering treatment. For the 9Cr-1MoVNb steel prior austenite
grain size had a slighteffecton DBIT (Table 3), because for both the 760 and 780+ C tempers, the steel austenitized at 1040+ C
had the lower DBTT. As expected, the 780+ C temper has the greatest effecton lowering the DBIT of the 9Cr-1MovNb for
both austenitizing treatments. Tempering the steel austenitized at 1100° C at 780* C has a relatively larger effect than it does
for the 1040+ C austenitization temperature. The USE of the $Cr-1MoVNb steel appears to be unaffected by the normalizing-
and-tempering treatment.
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Fig. 3. Charpy impact curves for 9Cr-1MoVNb steel given four differentheat treatments
and tested as heat treated and after irradiation to 5 dpa at 365+ C.
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Fig. 4. Charpy impact curves for 12Cr-IMoVW steel given four different heat treatments
and tested as heat treated and after irradiation to 4 dpa at 365°C.
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Fig. 6. Charpy impact curves for 12Cr-IMoVW steel normalized at 1040°C and then
given two different tempering treatments and tested as heat treated and after irradiation
to 35 dpa at 420+ C,

Table 2 Estimated grain sizes of steels tested

Austenitization ASTM Grain Average Grain
Temperature, *C Size Number' Diameter, mm

9Cr-1MoVNb Steel

1040 8 20

1100 7 32
12Cr-1MoVW Steel

1040 7 32

1100 3-4 153

* Estimated with grain size eyepiece.

The normalized-and-tempered 12Cr-1MoVW steel showed a different behavior from the 9Cr-IMoVNb steel (Table 3).
Although a change in austenitization temperature produced a larger difference in prior-austenite grain size than for 9Cr-
1MoV Nb, there was no apparent effect of prior austenite grain size on DBTT. The DBTT values were the same for the 12Cr-
IMoYW given the two different austenitizing treatments and then tempered at 76¢* C. There was a difference when tempered
at 780+ C, but the difference was opposite to that expected for a grain-size effect. The specimen austenitized at 1040+ C and
tempered at 780*C had a DBTT similar to that of the two steels tempered at 760°C, but the steel austenitized at 1100* C and
tempered at 780* C had a lower DBTT (16*C lower). A larger prior austenite grain size would be expected to give a higher
DBTT. Therefore, if this differenceis significant, it must be due to the higher tempering temperature and not the difference
in grain size. The USE of the 12Cr-1MoVW in the normalized-and-tempered condition appears to be affected slightly by
tempering (Table 3). In each case, the steel tempered at 780°C had a higher USE than that tempered at 760*C,
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Table 3. Impact properties of aged steels

Heat Aging Time DBTT USE
Treatment (h) (&S] ()]
9Cr-IMoVNbD Steel
1040/1h/AC;760/1h 0 -64 10.5
5000 -58 94
10000 -56 11
20000 -54 116
1040/1h/AC;780/2.5h 0 -80 106
5000 =77 116
10000 -78 12.2
20000 -80 124
1100/1h/AC;760/1h 0 -17 10.0
5000 -28 n1
10000 -41 18
20000 -39 ns
1100/1h/AC;780/2.5h 0 -61 106
5000 -60 11.3
10000 -54 11.6
20000 -56 125
12Cr-IMoVW
1040/1h/AC;760/1h 0 -32 6.0
5000 -28 6.1
10000 -25 6.3
20000 -23 57
1040/1h/AC;780/2.5h 0 -35 76
5000 -38 7.1
10000 31 7.2
20000 -27 80
1100/1h/AC;760/1h 0 -34 5.4
5000 -30 52
10000 22 53
20000 -24 52
1100/1h/AC;780/2.5h 0 -51 6.2
5000 -44 6.2
10000 -47 68
20000 -48 6.7

The lack of a prior-austenite grain size effect in 12Cr-1IMoVW steel compared to the 9Cr-1MoVNb steel may indicate that the
precipitate in the microstructure of the 12Cr-1MoVW controls the fracture behavior [1]. The 12Cr-1IMoVW contains twice as
much carbon as the 9Cr-1MoVNb steel, and in the normalized-and-tempered condition, the 12Cr-IMoVW contains over twice
as much precipitate (3.8wt% precipitate in the 12Cr-1IMoVW compared to 1.5 wt% in 9Cr-1MoVNb) [3]. This difference in
precipitation can be seen in Fig. 7, where carbide extraction replicas of the 9Cr-1MoVNb and 12Cr-1MoVW steels are shown
after similar normalizing-and-temperingtreatments. {The majority of the precipitate in both steels was shown to be Mx»Ce with
a small amount of MC {3].) These photomicrographs [3] show the large amount of precipitate in 12Cr-1IMoVW steel, which
could affectthe fracture process. Furthermore, the precipitate in the 12Cr-1IMoVW is uniformly distributed within the prior
austenite grains and therefore may minimize the role of the grain boundaries, while for the 9Cr-1MoVNb, precipitate is along
prior austenite grain boundaries, which could enhance the role grain boundaries play in the fracture process.
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Fig. 7. Extraction replicas of normalized-and-tempered
(1040°C/0.5h/AC T 780°C/2.5h/AC) (a) 9Cr-1MoV¥Nb and (b) 12Cr-1IMoVW steels.

This interpretation can be rationalized with results obtained by Little et al. [4], who studied three steels: 12Cr-0.1C (steel 1},
12Cr-0.1M0o-0.3V-0.14C (steel 2), and 12Cr-0.6Mo-0.15V-0.25Nb (steel 3) (all three steels contained =0.5Ni). A strong effect
of prior-austenite grain size on DBTT was found for steel 2, which appears similar to 12Cr-1MaVW. The differencesin steel
2 and 12Cr-1MoYW involve the carbon and molybdenum content (steel 2 also did not contain tungsten). Based on the
microstructural studies described by Little et al,, it is concluded that the difference is probably due to the lower carbon content,
which caused less precipitate to form in steel 2. This impliesthat the DB'IT of the 12Cr-IMo VW could be affected significantly
by lowering the carbon content. Little et al. also noted an increase in USE with increasing tempering temperature and time,
similar to the observations of the present investigation.

The presence of niobium in steel 3 of Little et al. makes it somewhat similar to the 9Cr-IMaVNb steel, although there was
considerably more niobium present in steel 3. Those investigators found that the niobium stabilized the prior austenite grain
size, similar to the observations of the present work. Because of the larger amount of niobium in steel 3, it was not possible
to change the prior-austenite grain-size for the austenitizing treatments used by Little, et al.

No degradation of properties was observed after thermal aging at 400° C (Table 3). The most significant changes appeared
to be decreases in DBTT and increases in USE for the 9Cr-1MoVNb steel austenitized at 1100° C and tempered at 760° C.
The observed changes are the opposite of effectsobserved during irradiation. Thus, any properties degradation observed during
irradiation cannot be attributed to thermal aging that occurred simultaneously with irradiation.

The irradiation results at 3565 C indicated that there may be a slight effect of grain size on aDBTT for the 9Cr-1MaoVNb
(compare different austenitization temperatures for a common tempering temperature in Table 4). There was no apparent
effect of tempering on aDBTT, but there did appear to be an effect of tempering on USE tempering at 730° C resulted in
a higher USE (lower aUSE) after irradiation than tempering at 760-C.

After irradiating the Cr-IMoVNb at 420+ C to a much higher fluence, the results confirm the observation of the 365+ C tests
that there is no effect of tempering on DBTT. The effect of tempering on USE noted for the 365 *C tests is not present in
these tests.

T T ST,
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TABLE 4. Impact properties of irradiated steels

Heat _DBTT. -C_ — USE J ADBTT AUSE
Treatment Unirrad Irrad Unirrad TIrrad C I (%)
9Cr-1MoVND Steel

5 dpa at 365°C

1040/1h/AC;760/1h 64  -19 105 76 45 29(38)
1040/1h/AC;780/2.5h 80  -37 106 82 43 24 (29)
1100/1h/AC;760/1h -17 36 100 73 53 27 (37)
1100/1h/AC;780/2.5h 61 -6 106 89 55 1.7 (19)
36 dpa at 420°C

1040/1h/AC;760/1h 64  -25 105 82 39 2.3(22)
1040/1h/AC;780/2.5h 80 -35 106 78 45 28 (26)

12Cr-1MoVW Steel

A dpa at 365°C

1040/1h/AC;760/1h 32 97 60 36 129 2.4 (40)
1040/1h/AC;780/2.5h 35 95 76 34 130  4.2(55)
1100/1h/AC;760/1h 34 100 54 25 134 29 (54)
1100/1h/AC;780/2.5h -51 107 62 39 158 23 (37)
35 dpa at 420°C

1040/1h/AC;760/1h 32 55 60 41 87 19(32)
1040/1h/AC;780/2.5h 35 72 76 41 107 3.5(46)

Because austenitization at 1100+ C resulted in only a 10* C larger aDBTT for the 9Cr-1MoVNb irradiated at 365 ¢ C and there
was no effect of tempering on DBTT or USE after 36 dpa at 426+ C, it is concluded that heat treatment has a minor effect on
the irradiated properties. These results lead to the conclusion that decreasing the grain size would be the preferred way to
produce the lowest possible DBTT before irradiation in order to maintain the DBTT as low a possible after irradiation,
Increased tempering temperatures or times would not be preferred, because these processes cause a reduction in strength.

NO grain size effect could be detected for the 12Cr-1MoVW steel in the unirradiated condition or after irradiation at 365 C.
Here, the steel with the lowest DBTT before irradiation had the highest aDBTT after irradiation, although all steels had quite
similar DBTTs after irradiation. The USE, which appeared to be affected by tempering before irradiation, was essentially the
same for all four conditions after irradiation. After irradiation to 35 dpa at 420 C, the specimens given the 780° C temper had
a larger aDBTT and aUSE than after the 760 C temper. From these results, it is concluded that there is an incentive to use
a lower tempering temperature than the 780° C often used for this steel, since a lower tempering temperature would give a
better strength without any penalty in sDBTT.

Qualitatively, the results are in agreement with previous tests of these steels irradiated in fast reactors [5,6]. Hu and Gelles [5}
irradiated 9Cr-1MoVYNb and 12Cr-1MoVW steels at 390°C in EBR-II to 13 and 26 dpa and found that the ADBTT had
saturated by 13 dpa. Saturation occurred at a aDBTT of about 54 and 144 dpa for the 9Cr-iMoVNb and 12Cr-1MoVW,
respectively. The saturation aDBTT for 12Cr-1MoVW steel at =400+ C in a fast reactor has been shown to be similar for
different heats ofthe steel irradiated and tested by different investigators. Several investigators have shown that saDBTT
decreases with increasing irradiation temperature in a fast reactor [5-6]. Therefore, the aDBTTs observed after irradiation at
420 C have the expected magnitude (slightly lower than the EBR-II results at 390°C). The fact that the values at 365'Care
not larger than those observed at 330+ C indicates that saturation did not occur in 4-5 dpa. Previous observation on the same
heat of 12Cr-1MoV W steel irradiated to 10and 17 dpa at 365 C in MOTA indicated that saturation occurred by 10 dpa at a
aDBTT of »160°C [6]. Specimens are in the reactor at both 365 and 420+ C to determine whether the observations on heat
treatment continue to apply at higher fluences.

Wassilew and Ehrlich examined the effect of tempering on the Charpy behavior of miniature specimens of the MANET steel
(Fe-12Cr-0.5M0-0.3V-0.25Nb-0.7Ni-0.55i-0.1C) that was developed for fusion reactor applications [7). Three tempering
treatments were used 2 hat600°C, 2hat 750°C, and 2 h at 780*C. The DBTT and USE before irradiation varied with the
tempering treatment: the higher the tempering temperature, the lower the DBTT and the higher the USE. The DBTT varied
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from -45 to 25 C when the steel was tempered at 780 and 600 C, respectively. No DBTT was given for the steel tempered
at 750° C, but the curves shown indicated it was slightly above that obtained after tempering at 780°C. The USE values were
respectively 6.75, 6.1, and 5.25 J for the 780, 750, and 600°C tempering temperatures. After irradiation to 5 dpa at 300*C in
the HFR (High Flux Reactor in Petten, The Netherlands), the aDBTT showed a dependence on tempering: 210 and 310°C
for the steels tempered at 780 and 600° C, respectively. The aDBTT for the 750+ C temper was not given, but the curve fell
between the other two, and was closest to the curve for the 780-C temper.

IMoVW steel. Tempering treatment also had only a slight effect. The shift in DBTT was relatively independent of heat
treatment, but the shifts for the 12Cr-1Mo VW steel were over twice those for $Cr-1MaVNb steel. Therefore, it does not

appear possible to use heat treatment to reduce the effect of irradiation on the DB’IT of 12Cr-1IMoVW. Because of the lack
of a heat treatment effect on DBTT, however, it may be possible to use this steel without tempering to the low strength levels
at which the steel is usually used.
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RELATIONSHIP OF BAINITIC MICROSTRUCTURE TO IMPACT TOUGHNESS IN Cr-Mo AND Cr-W STEELS -
R. L. Klueh and D. J. Alexander (Oak Ridge National Laboratary)

OBJECTIVE

The task under which this work was carried out has the objective of developing ferritic steels for fusion reactor applications.
The work reported here seeks to develop an understanding of the relationship between microstructure and properties of ferritic
steels, which should aid the development of steels for fusion.

SUMMARY

Non-classical bainite microstructures can develop during continuous cooling of low-carbon alloy steels. These differ from
classical upper and lower bainite developed by isothermal transformation. Two non-classical bainite microstructures were
produced in a 3Cr-1.5Mo-0.25V-0.1C steel using different cooling rates after austenitizing—water quenching and air cooling.
The carbide-free acicular bainite formed in the quenched steel had a lower ductile-brittletransition temperature {DBTT) than
the granular bainite formed in the air-cooled steel. With increasing tempering parameter, the DBTT of both decreased and
approached a common value, although the final value occurred at a much lower tempering parameter for the quenched steel
than for the air-cooled steel. The upper-shelf energy was similarly affected by microstructure. These observationsalong with
similar observations in two Cr-W steels indicate that control of the bainite microstructurecan be used to optimize strength and
toughness.

PROGRESS AND STATUS
Introduction

Ferritic steels that are of interest for fusion reactor applications include the martensitic 9Cr-1IMoVNb (modified 9Cr-1Mo) and
12Cr-1MoVW (Sandvik HT9) steels and the bainitic 2 1/4Cr-1Mo steel. In addition to these conventional ferritic steels,
reduced-activation ferritic steels are being developed [1]. These are hainitic and martensitic steels that are patterned after the
conventional ferritic steels. It is feltthat an understanding of the relationship of the microstructure to properties of these steels
would aid in the successfuldevelopment of reduced-activation ferritic steels and/or an improvement of Cr-Mo steels for fusion
reactors.

Previous work demonstrated that the type of bainite microstructure developed in a 3Cr-1.SMoV steel during continuous cooling
from the austenitization temperature affected the impact toughness [2]. Since the toughness of femtic steels and the effect of
irradiation on toughness is one of the main concerns for ferritic steels in fusion reactors, it is of interest to understand how this
heat treatment affectsthe properties. The 3Cr-1.5MoV steel is considered as a possible replacement for 2 1/4Cr-1Mo in fossil-
fired power plants and could also be used for fusion applications. Therefore, an understanding of the effect of heat treatment
on the microstructuresand properties of these steels could aid in the development of steels for fusion applications—both Cr-Mo
steels and reduced-activation steels.

In this paper, an extension of the previous work on the 3Cr-1.5MoV s discussed along with similar observations on reduced-
activation Cr-W steels.

Emerimental Procedure

Details on the chemical composition of the argon-oxygen-decarburized(AOD) heat of 3Cr-1.5MoV steel (3Cr-1.5Mo-0.1V-0.1C,
compositions in wt. %) used for this study have been published [1]. The ingot was processed to 100-mm-thickplate, and plates
measuring 0.1 X 16 X 14 m were heat treated. One plate was air cooled (normalized) and one was water quenched after
annealing 2 h at 955+ C; both were stress relieved 2 h at 565°C. Despite the stress relief, these materials will be referred to
as normalized and quenched, respectively (there was little indication of precipitation after the stress relief [1]). Impact proper-
ties were measured with standard Charpy V-notch specimens (10rmm x 10mm x 55mm) taken from the 1/4- and 3/4-thickness
depths in the plates. Cooling rates at these thicknesses were approximately 0.12 and 1.67°C/s (7 and 100°C/min) for the
normalizing and quenching heat treatment, respectively. The plates were tempered at 663 to 704<C and from 1to 30 h.
Tempering conditionswere expressed as a tempering parameter, TP=T(20 * logt) x 10%, where T is temperature in Kelvin and
t is time in hours.



152

The Cr-W steels were experimental heats with the following nominal compositions (in wt %): 2.25Cr-2W-0.1C (designated 2
1/4Cr-2W) and 2 1/4Cr-2W-0.25V-0.1C (designated 2 1/4Cr-2WV). Details on composition, microstructure,and processing have
been published [1]. To demonstrate the effect of cooling rate on the steels, 10-mm square and 3.3-mm square bars were
normalized by first austenitizing in a helium atmosphere in a tube furnace and then cooling by pulling into the cold zone. To
austenitize, the 2 1/4Cr-2W steel was annealed 1h at 900°C, and the 2 1/4Cr-2WV was annealed 1h at 1050+ C. The higher
temperature was used for the latter steel to assure that any vanadium carbide present dissolved during austenitization.

Miniature Charpy specimens of the Cr-W steelswere machined from 15.9-mm-thick plate. Specimenswere essentially one-third
the standard size and measured 33 x 33 x 254 mm and contained a 0.51-mmdeep 30" V-notch with a 005 to 0.08-mm-root
radius. Specimens were machined from 15.9-mm plate in the longitudinal orientation with a transverse crack (LT). To
determine the effect of heat treatment, specimens taken directly from 15.9-mm heat-treated plate were tested. Tests were also
carried out on specimens that were normalized directly. The normalizing treatments were the same as those used for the bars,
Tempering conditionswere 1h at 700°C and 1 h at 750-C.

Results
Microstructures

Transmission electron microscopy (TEM) of the quenched and the normalized 3Cr-1.5MoV steel plates is shown in Fig. 1
Based on optical microscopy, TEM, and the continuous-coolingtransformation diagram [3], both the quenched and the air-
cooled microstructures were entirely bainite, although neither microstructure was typical of classical upper or lower bainite.

The quenched steel had a lath structure that contained a high density of dislocations. Figure 1(a) is typical of most of he
specimen, although a few isolated areas contained laths that were not as developed and were similar to the more equiaxed
microstructure of the normalized steel, although there were no indications of the dark islands that appeared in the normalized
steel [Fig. 1(b)].

YE12990 YE12991

Fig. 1. Transmission electron micrographs of (a) quenched and (b) normalized 3Cr-1.5MoV steel

The normalized steel microstructure consisted mainly of regions containing a high dislocation density in which dark regions or
"islands" were scattered throughout [Fig. 1(b)]. The suhgrain structure was equiaxed, rather than the lath-type morphology of
the quenched steel. A few scattered regions contained indistinct laths, indicating a tendency toward elongated subgrains. The
lath structure was not as developed as it was during quenching and it contained islands, which were often elongated.
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Before tempering, there was little indication of any precipitate present in either the quenched or the normalized steel [2]. After
tempering, TEM and carbide extraction replicas indicated that the quenched steel developed carbides on the lath boundaries
with smaller needle-like precipitates within the matrix. The normalized steel also developed two types of precipitate
morphologies: regions containing an agglomeration of globular carbides surrounded by a high density of finer needle-like
precipitates. The agglomeration of globular carbides was associated with the islands in Fig. 1(b) [2].

The 2 1/4Cr-2W and 2 1/4Cr-2WV steels were examined after cooling at two different rates (different sized specimens were
cooled). Optical metallography indicated both steels were 100% bainite after both the fast and slow cool, although there were
differences in appearance (Fig. 2). The specimen given the fast cool appeared more acicular. When microstructures were
examined by TEM, the results were similar to those for the 3Cr-1.5MaoV steel. The fast-cooledsteel had a lath structure [Fig.
3(a)], and the slow-cooled steel had an equiaxed structure with dark islands [Fig. 3(b)].

Y214979 Y214982
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Fig. 2. Optical microstructure of 2 1/4Cr-2WV steel after (a) fast cool and (b) slow cool.

~ YE14029 YEH0

Fig. 3. Transmission electron micrographs of 2 1/4Cr-2W steel after (a) fast-cool and (b) slow-cool.
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Impact Toughness

Charpy impact tests were conducted on the quenched and the normalized plates of 3Cr-1.5MoV steel after various tempering
treatments (differenttempering parameters) (Fig. 4). Tempering had a larger immediate effect on the ductile-brittle transition
temperature (DBTT) of the quenched plate than the normalized plate [Fig. 4(a)]. A tempering parameter of 18.7x lo) (1 h
at 663°C) lowered the DBTT of the quenched plate from 67 to -48*C, whereas the same tempering treatment for the
normalized steel lowered it from 98 to 60 C. With continued tempering, the DBTT of both the quenched and the normalized
plates decreased, with the decrease more pronounced for the normalized plate. Only after the highest tempering parameter
used (20.7 x lo), 16 h at 701 °C), however, did the DBTT of the normalized steel approach that for the quenched steel. The
relative effect on the upper-shelf energy (USE) was somewhat similar [Fig. 4(b)]. The lowest tempering parameter produced
a high USE for the quenched plate relative to that for the normalized plate. However, for higher tempering parameters, the
USE of the quenched and the normalized plates had similar values.
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When the two Cr-W steels were heat treated in the 113-sizeCharpy specimen geometry (3.3-mm square cross section), they were
100% bainite. Table 1 shows the Charpy impact test results when the steels were heat treated as 1/3-size Charpy specimens
and tempered at 70¢ and 750" C, respectively. Also given are results when heat treated as 15.9-mm plate (the 2 1/4Cr-2W was
tempered at 700°C, and the 2 1/4Cr-2WV at 750=C). For the latter tempering treatment, 2 1/4Cr-2W was 100% bainite, and

2 1/4Cr-2WV contained 80% bainite and 20% polygonal ferrite. The DBTT in Table 1was determined where the impact
energy was one-half of the USE.

Table 1. Charpy Impact Properties of Reduced-Activation Steels

Heat Treatment Geometry
1/3-Size Specimen
Alioy 1 h at 700°C 1 h at 750°C 15.9-mm Plate’
DBTT USE DBTT USE DBTT USE
49 H *C) &) (°C) €))
25Cr-2W -56 11.5 77 10.1 -48 9.6
25Cr-2Wv -9 70 -52 11.0 0 9.7

25 Cr-2W was tempered 1 h 700°C; 25Cr-2WV was tempered 1 h 750°C.

The microstructure, as reflected in the size of the specimen heat treated, had a large effect on the properties of 2 1/4Cr-2WV,
with much less effect on the 2 1/4Cr-2W (Table 1). Whereas tempering the 1/3-size specimen of 2 1/4Cr-2WV at 750°C
significantly lowered the DBTT and raised the USE relative to values obtained when tempered at 700°C, the effect of this
tempering treatment had much less effect for the 2 1/4Cr-2W. In fact, for the 2 1/4Cr-2W, there was little difference when heat
treated as 15.9 mm plate (and tempered at 700 C) or as a 113-size Charpy specimen (and tempered at 700 or 750°C). This
contrasts with the 2 1/4Cr-2WV steel with a high DBTT for the bainite plus polygonal ferrite microstructure of the 15.9-mm
plate, the slightly lower DBTT when the 1/3-size Charpy specimen was normalized and tempered at 700°C, and then the still
lower value for the 113-size Charpy specimen normalized and tempered at 750-C.

DISCUSSION

Bainite develops in steels when transformation from austenite occurs between the temperatures where ferrite and pearlite form,
at high temperatures, and martensite forms, at low temperatures. It was originally thought to consist of two easily
distinguishable morphological variations, upper and lower bainite, defined according to the temperature of formation. Habraken
[3] demonstrated there were microstructural variations on these classical bainite microstructures that formed in the bainite
transformation temperature regime. Such "nonclassical” bainite formed more easily during continuous cooling than during
isothermal transformation [3,4], where upper and lower bainite formed.

Habraken and Economopoulos [4] contrasted classical and nonclassical bainite using the isothermal transformation (IT) and
continuous-cooling transformation {CCT) diagrams. The bainite transformation region of an IT diagram can be divided into
two temperature regimes by a horizontal line. Transformation above this line results in upper bainite and below it in lower
bainite. For nonclassical bainite, Habraken and Economopoulos {4) showed that a CCT diagram could be divided into three
vertical regions. Three different microstructures form when cooling rates are such as to pass through these different zones.
A steel cooled rapidly enough to pass through zone | produces a "carbide-freeacicular” structure, which consists of side-by-side
plates or laths of ferrite containing a high-dislocation density [4]. For an intermediate cooling rate through zone 1, a carbide-
free "massive" or "granular” structure results, which is generally referred to as granular bainite {4]. Granular bainite has a ferrite
matrix consisting of equiaxed subgrains of ferrite with a high dislocation density coexisting with dark "islands" [4]. These islands
are enriched in carbon during the bainitic transformation and have been shown to be high-carbon retained austenite, part of
which can transform to martensite when cooled below M, the martensite start temperature. These regions are referred to as

martensite-austenite (or M-A) islands [4]. Since the microstructures developed by slow cooling through zone IIT were not
observed in this study, they will not be discussed.
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Microstructures observed by TEM on the quenched and on the normalized (Fig 1) 3Cr-1.5MoV steel and on the different-sized
specimens of normalized 2 1/4Cr-2W and 2 1/4Cr-2WV (Fig. 3) are indicative of the differences between acicular and granular
bainite. Micrographs of the specimens cooled rapidly [Figs. 1(a) and 3(a)] are characteristic of carbide-free acicular bainite
(3,4). The dark areas in the more slowly cooled specimens of Figs. () and 3(b) are the M-A islands. When granular bainite
is tempered, large globular carbides form in the high-carbon M-A islands, whereas elongated carbides form on the lath
boundaries of acicular bainite. These are just the morphologies observed when the 3Cr-1.5MoV steel [2]and the 15.9mm plates
of 2 1/4Cr-2W and 2 1/4Cr-2WV steel [1] were tempered.

The impact studies indicated that carbide-free acicular bainite had a high impact toughness (low DBTT and high USE) after
tempering at a lower temperature or for a shorter time (constant temperature) than for granular bainite (Fig. 4 and Table 1)
[1). Once these toughness properties were reached at a low TP for the acicular bainite, further tempering had little additional

rffect. Although the quenched and the normalized steels had similar tensile properties in the as-heat-treated conditions and
after similar tempering treatments [2], the observations on toughness mean that a steel consisting of acicular bainite can be

optimized for strength and toughness, because it will not be necessary to temper to a low strength to achieve acceptable tough-
ness. This optimization is being applied to develop the Cr-W steels for fusion reactor applications. A low DBTT is important
for this application, since the DBTT will increase during neutron irradiation in a fusion reactor.
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REDUCED ACTIVATION FERRITIC ALLOYS ForR FUSION - D. S. Gelles, (Pacific Northwest Laboratory)®

OBJECTIVE

The objective of this work is to provide a summary of reduced activation ferritic alloy development efforts
in support of the ITER design activity.

SUMMARY

Reduced activation martensitic alloys can now be developed with properties similar to commercial
counterparts, and_oxide dispersion strengthened alloys are under consideration. However, low chromium
Bainitic alloys with vanadium additions undergo severe irradiation hardening at low irradiation
temperatures and excessive softening at high temperatures, resultlng in a very restricted application
window. Manganese additions result in excessive embrittlement, as demonstrated b¥ post-irradiation Charpy
impact testing. The best composition range for martensitic alloys appears to be 7 to ¢ Cr and 2 W, with
swelling of minor concern and low temperature irradiation embrittlement perhaps eliminated. Therefore,
reduced activation martensitic steels in the 7 to 9 Cr range should be considered leading contenders for
structural materials applications in power-producing fusion machines.

PROGRESS AND STATUS
Introduction

It has been four years since the last review of effects of irradiation on reduced activation
ferritic/martensitic alloys.” To provide input for an upcoming IEA Workshop on Ferritic Steels and to
provide a data base for the International Thermonuclear Experimental Reactor (ITER) design, the original
review will be updated.

Development of reactor structural materials with low levels of long-term residual radioactivity has been
accepted as a_goal of the U.s. Fusion Materials Program.” For ferrous alloys, this effectively requires
that radioactivity levels be negligible 500 years after reactor decommissioning. Such a criterion for
reduced activation necessitates that certain deleterious elemental additions be carefully controlled;
namely, Cu, Ni, Mo, Nb, and N, with Nb representln% the most severe constraint. Within the restrictions of
such a_reduced activation guideline, ferritic steels can be designed for fusion applications. The deSIgn
criterion requires for example, that Ni be replaced by C or Mn, and that substitutes be found for Mo an

Nb, such as W, v, Ta and TI.

Allovs under consideration

The alloy compositions being considered for reduced activation ferritic steels are based on two _
commercially important alloy classes: 2} Cr steels and the super 9 to 12 Cr steels. The former is a
Bainitic class and the latter a martensitic class. Both of these steels contain Mo at levels of about .
Also, reduced activation oxide dispersion strengthened (ops). ferritic alloys can be based on Ma357, a l4Cr-
111-0.25Y 0O, mechanically alloyed product from rncoMap, Huntington, WV, USA containing Mo at a level of
0.25%. Therefore, design of reduced activation alternatives to these commercial alloys requires
substitution for Mo; W and v are leading candidates. In cases where NbC is used effectively in the
commercial composition, Ta or TI can be substituted for Nb. Where Ni additions are needed, for example, to
obtain a fully martensitic 12 Cr steel, other austenite stabilizing additions must be included. Mn and C
have thus far been considered. Therefore, four classes of reduced activation ferritic/martensitic alloys
are possible: low chromium Bainitic alloys, 5 to 9 Cr martensitic_alloys (the range being expanded to lower
Cr levels), 12 Cr stabilized martensitic” alloys, and 14 Cr mechanically alloyed oBS ferritic alloys.

The alloy compositions which have been considered are given in Table 1. The alloys have been grouped by
increasing Cr composition in order to emphasize the similarities between the approaches taken in designing
reduced activation steels by different experimenters. The 5 to § Cr alloy class and the 12 Cr alloy class
are about equal in size, and the smallest groups comprise the 2 Cr range and obDs alloys. In each steel
class, each of the alloying approaches has been tried: W_substituted for Mo, v substituted for Mo, small
additions of Ta substituted for Nb, and in a few cases, Ti substituted for Nb. However, in many cases, the
higher Cr steels were found to be duplex martensitic/delta ferritic and therefore further changes in
composition specification were needed. The 0DS option has received the least attention by far. One group
of alloys specified is, in fact, a reduced activation composition being considered for liquid metal fast
breeder reactor structural applications.”"

"“Pacific Northwest Laboratory is operated for the U.5. Department of Energy by Battelle Memorial
Institute under Contract DF-AC06-76RLO 1830.
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Table 1. Compositions of reduced activation ferritic/martensitic alloys.
C| posi| on _in weight percent L
Alloy |
Designation Cr | M | ¥ [ C | Si| M | Ta B | N | P | 5 Other Ref.
20r-2W 2.06| 1.9 -- | 0.10| 0.29] 0.50 .001| <.00:| .004 31
JLF-4 2.25| 2.0| 0.2 0.1]0.65] 0.5 | 0.07 0.05 141
2%Cry 2.36( --| 0.25] 0.11 | 0.17| 0.40 [5]
2%Cr-1WY 2.30( 0.93 0.25| 0.10|0.13|0.34
24Cr-2W 2.48( 1.99 0.01| 0.11]0.15]0.39
25Cr-2Wv 2.42| 1.98 0.24| 0.11]0.20[0.42 L
AS-3 3.0 2.0| 0.4]¢0.12
AS-4 3.0 25| 0.2]0.12| -- 004 0.017; L
LI 2.32| <.01| 0.50| 0.09|0.08|<.01 ,004 | <,005| .003 [5]
(2 2.82| <.01| 1.01| 0.09 |0.08]|<.01 .003 .002
3 2.46| -- | 1.50 0.11|0.30|0.30 015 | <.005| 015 L
5Cr-2W 484 1.9 -- 0.1010.300.50 002 | <.002( 004 u
SCr-2HY 5.00 | 2.07| 0.25| 0.13]0.25[0.47 151
F-82 7.52| 2.2 0.19( 0.1010.1710.49| -- L0035 .0g2 | .003 | ,002 [6]
F-82H 7.65]| 2.0 | 0.18| 0.09 0.09 0.49| 0.04| 0034 | .00z | .005 | .00l L
501 24 8.92| 1.92| -- |o0.10]0.2810.48 .002 | <.002| .003 [3]
5Cr 8.9 | -- -- |0.10[0.30 0.49 .001 .003
5Cr-1W 9.01 | 0.9 -- |o0.10|0.29 0.48 .002 004
9Cr-2w 8.92 | 1.92| -- |o.10(0.28 0.48 .002 .003
ICr-4W 9.09 | 3.93| -- |0.10]0.29. 0.50 .002 .002
¥r-.25V 8.82 -~ 1 0.26|0.13}0.30| 0.46 019 .002
Cr- .5V 8.86 - 0.53|0.11(0.29| 0.48 ,020 ,003
3Ir-1v 8.72| -- | 108 |0.12|0.31|0.51 018 ,003
4od. 9Cr-1W 9.24 | 1.06| 0.18]|0.13| -- -- 0.10 .005 .003 - -- [71
fod . 9€ - 3W 9.16 [ 3.08/ 0.16 (0.17 | -- | -- | 0.10 | 007 | .003| -- | -- o
ICr-2WV 8.73(2.09(0.24|2.12|0.25|0.51 [5]
ICR-2WVTa 8.72 [ 2.9 0.23|15.10]0.23|0.43|0.07! _
;A3X nom, 9 25 103 |3.15] -- -- . [5]
melt 7.5 | 1.95]0.02 |3.17 002 .005 o
JA3K 9.00]| 2.0 3.30 |2.15 | 0.06 | 0.04 .002 001 Q01 [8]
85X 8.92 | 2.1 |3.30().15/0.05]0.04 ,002 _
Al2 9.1 [3.68(3.243.16 [9]
AL3 9.2 | 2.90]3.25 |2.17 L
Al3 9.22 |7.901.25 |3.17|0.4210.74 -- Q59 107
AlaTa 3.0 |2.95 1.5 (118 |0.04|0.70| 0.11 045
A12 3.1 1.68|1.24 |).16 | 0.37]0.79] -- .06
AlZTa 3.8 1.85 | 1.27 |).16 | 0.03|0.80( 0.10 042
Al2TaLM 3.1 1.77({1.25).17 {0.02{0.74| 0.10 ,004
Al2LC 3.0 [1.76]|1.38 |1 .09 |0.03]1.01 .033
Al2TalcC 3.9 1.76 | 1.39 [1.09(0.03|1.01| 0.09 ,019 _
4 3.13 | 1.00 | 152 [).10]|0.09|0.02 .003 | :.005 | 003 [5]
0 3.14 1102 | 1.23 ().20{0.09]1.08 .003 003
5 3.2 | 1.00 |:.51 [).1000.00]2.68 ,003 003
7 3.8 [1.89]).27 (1.10|0.10|2.44 ,002 004 .
ILF-3 1.00 2.0 {02 0.1 [0.05| 0.5 0.07 .05 [4]
ILF-1 3.00 2.0 (0.2 |o0.1 |[0.05]| 0.5 0.07 .05
ILF-2 3.00 2.0 [ 0.2 |0.1 |0.05] 0.5 ] 0.07 .05 0.02T1 .
9.5 |18 |16 |).16{0.06}1.22| 0.29 .008 .016 | .008 005 0.02T1 11]
96 |18l |19 [).18]0.07]1.35| 0.48 | .008 |.0ls |.c08 | 004 0.04Ti
1 9.8 |1.72|150 |().23(0.08|0.87| 0.14 | .008 |.020 |.003 | 008 | <0.005Ti
" 9.8 [).90 [150 [).18]0.58]0.89| 0.42 | .009 | ,022 | .003 | .010 | 0.0087i _
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lable 1. Cont. mpo _ion in weigl| »erc

Alloy
Designation [oll; MWV |.c | Si|Mm | Ta B N P S Other tef.
A2 11.4 | <.02|0.26 | 3.16 (9]
A3 11.5 | 0.24 | 0.25 | 3.16
A4 10.9 | 0.65 | 0.25 | 3.17
A5 10.9 | 1.12 | 0.24 | 3.16
A6 11.7 | 1.95 | 0.24 | 3.15
AT 112 | 3.04 | 0.23 | 3.17
A8 11.1 | 0.66| 0.46 | 0.16
A9 11.7 | 0.77 | 0.80 | 0.15
A10 11.4 | 0.70 | 0.25 | 0.16 0.0083
LAl 11.2 | 0.69 | 0.25 | 0.16 .102
LA14 11.4 | 2.94 | 0.25 | 0.17 119 .04
LA7 11.3 | 2.94 [ 0.25 (017 | 1.26 | 1.7€ | -- 1.59 110]
LA7Ta 11.4 | 2.90 | 0.25|0.15| 1.07 | 1.76 | 1.12 ).73
LA7TalN 11.1 [ 2.95| 0.24 | 0.18 | 3.04 | 1.7C| 1.10 005
L8 12.19 | <.01 | 1.05 [ 0.09 | 3.16] i.41 003 | .005| .005 [5]
L9 11.81]0.89 | 0.28(0.10 | 3.11| i.41 003 .005
12Cr1WvTa 11.96 | 0.82 | 0.23 [ 0.09 | 2.10] .5¢ | 1.14 ,008 | .005| .004 [12]
12Cr1WvTa’ 11.95 [ 0.80 | 0.25| 0.10 | 2.09| i.45 | 1.20 ,003 | .005| .006
12Cr1VHTa 11.80 | 0.22 [ 0.97 | 0.10 [ 0.10] '.8¢| 1.23 005 | ,005 .006
12Cr-2WV 11.49 | 2.12 | 0.23 | 0.10 | 3.24 | ).4¢ [16]
12Cr2WV3Mn 11.23 [ 1.79( 0.21 { 0.08 | 3.23 | 2.7¢
12Cr2WV6Mn 10.86 | 1.97 | 0.21 { 0.08 | 0.20 | 3.5i
1Cr2uy 11.52 | 1.83 | 0.22 [ 0.17 | 0.20 | }.4¢
GA4X nom. 11 25 | 0.3 [0.15 [5]

melt 10.2 | 2.1 | 02 |0.01| -- | ,011 <.003
GA4X 11.0 [ 2.0 | 0.30 | 0.14 | 0.05 [ 1.01 .002 | .001 | .001 [8]
GABX 11.1 | 2.1 | 0.30 | 0.15 | 0.07 | ).0¢ .002 0.01Ti
JLF-5 12.00( 2.0 | 0.2 | 0.1 |0.05| 05 | 3.07 3.05 [4]
JLF-6 12.00( 2.0| 0.2| 0.1 |0.05( 0.5 | 3.07 3.05 .0.2Ti
12Cr-24 1156 | 1.96 | -- |0.10 | 0.32 [ ».4¢ .001 | :.002| .003 [3]
15Cr-2H 14.72 [ 1.94| -- |0.11|0.3C .001 .003
12Cr-4Y,0, 12.14| -- | -- |0.02 [0.05 [ 3.0 .014 31¥,03 (15]
12Cr-4Y,0; 12.11| -- | -- |0.02/0.03| 1.0 .013 pEs
12Cr-4Y,0,-.8Ti | 1214 [ -- | -- | 0.06| 0.01 | J.0¢ .063 21303
12Cr-%Y,0,- .5V | 12.19 | -- | 0.46| 0.04 | 0.0¢ [ 1.0 .010 28Y,05
12Cr-4Y,0,-1V_ | 12.12 | -- | 0.92{0.02 | 0.0% [ .0 .014 56Y,05- 49T
10Cr-%Y,0,-2.7W | 10.07 [ 2.72 | -- | 0.14 | 0.0¢ [ 2.0 .029 S0Y05-40Ti
10Cr-%Y,0;-.5T4 | 10.37 [ _-- | _-- | 0.16 | 0.0¢€ .047
9Cr-2u 9.10 | 2.01 0.30 | 0.10 23%05 | [13]
14Cr-1Ti-.5W 13.8 | 0.73| -- | 0.05 s
9Cr-W 9.58 |1 0.80 | -- |0.04 aviotzam | [14]

3 - i

14Cr-1T4i-.54 12.96 [ 0.76 | _-- | 0.05 o

nom. - nominal composition
melt - actual melt composition

The effect of fast neutron irradiation on microstructure and properties has been examined on some alloys
for each class of steel, but irradiation experiments are not yet organized for reduced activation 0DS
alloys. Experiments include irradiation creep, postirradiation tensile strength and Charpy impact
measurements. This paper summarizes the similarities and differences in alloy response to neutron
irradiation in order to predict the optimum reduced activation ferritic alloy composition for fusion
reactor applications.

Summarv_of Results

Mechanical properties

Studies of the effect of irradiation on reduced activation ferritic aHoysNhave_ included irradiation creep
to fluences as high as 45 dpa covering the temperature range 390 to 600°C,"’ uniaxial tensile tests
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828 Charpy impact tests fcﬂ]owmg irradiation at 365°C

following_.irradiation to fluences as high as 45 dpa, Jowing, in

to 15 dpa”’25 and microstructural examinations following irradiation to 115 dpa.

Irradiation creep has been studied for all classes of reduced activation ferritic steels: (2%-3)0—-(1-2)\4,
F82H, and (7-12)}Cr-({1-2}W. Pressurized tube specimens were irradiated in the Fast Flux Test Facility in
the Materials Opg Test Assembly {FFTF/MOTA) covering the temperature range 390 to 600°C to doses as high
as 9.7 x 10% n/cm or 48.5 dpa. Response was comparable to that of the commercial martensitic alloys, with
lowest creep rates found at the lowest and highest chromium contents. The highest creep rates were found
at 410°C, corresponding to the peak swelling temperature. Therefore, reduced activation ferritic steels
can be expected to perform adequately under irradiation creep conditions, with the worst performance
corresponding to conditions promoting void swelling.

Postirradiation uniaxial tensile testing results have also been compiled for all classes of reduced
activation ferritic steels. Irradiation conditions included irradiation in the_Japanese Materials Testmg
Reactor (JMTR), in the temperature range 265 to 300°C to low doses up to 3 x 10 ? n/em® or about 0.1 dpa,®
and irradiation in the FFTF/MOTA in the temperature range 365 to 585°C to moderate doses up to 46 dpa. 1819
Specimen geometry included miniature and subminiature sizes, and testing was performed at room temperature,
at the irradiation temperature, or over a range of temperatures from room temperature to 600°C. These
results are therefore for irradiation conditions that do not match the neutron energy spectrum or helium to
dpa ratio of a fusion reactor. Nonetheless, they provide a reasonable prediction of expected hardening due
to phase stability and swelling response in reduced activation ferritic/martensitic steels in fusion
applications.

The effect of irradiation on tensile properties as a function of dose at 365, 420, and 585°C are tabulated
in Table 2 and summarized in Figure 1. Test temperature for the conditions listed was room temperature
except for specimens irradiated at 365°C, where the test temperature was the irradiation temperature.
Table 1 includes yield strength, ultimate tensile strength, and total elongation values for unirradiated
and irradiated specimen conditions, as well as a measure of the change in property as a ratio of the
irradiated value compared to the control value. Large deviations from 1.0 in the change in property
indicate that significant changes arise from irradiation.

The alloy groups with smallest changes in properties are the 5 to 12Cr alloys. As an example, Figure 1
shows ultimate tensile strength as a function of irradiation dose in FFTF for the three alloy classes.
Considering first the case for irradiation at 365 or 420°C, the low chromium Bainitic alloys exhibited
large increases in yield strength (and corresponding decreases in elongation) following irradiation to 10
dpa. Irradiation to higher dose produced moderate further increases in strength, except that one alloy

became brittle and failed at low stress. In comparison, the 5 to 9 and 12 G steels showed only minor
changes in strength and elongation as a function of dose. However, the 12 Cr steels provided higher
.inherent strength following irradiation. In comparison, after irradiation at 585°C all alloys became

weaker and gave increased elongation, except for the 9Cr-ZWMnVTaTi alloys where response was only slightly
affected by irradiation temperature. However, the 2 @ steels all showed the lowest strength, with
saturation in properties by 13 dpa. The 9 G steels exhibited intermediate yield strength values.

The evidence of minor increases in strength in 9 Cr alloys following the decreases observed at 13 dpa
probably indicates sluggish precipitation reactions that continue beyond 20 dpa. The 12 Cr steel was the
strongest but underwent decreases in strength similar to the 9 Cr response. Therefore, 9 Cr steels can be
designed to provide high-temperature strength similar to those of 12 Cr steels, but 12 Cr steels appear to
have the best tensile properties.

Postirradiation Charpy impact tests on reduced activation steels are based on tests using miniature Charpy
specimens, mostly on one third sized specimens irradiated in FFTF at 365°C to about 7 dpa®# put also on
specimens with a 1.5 mm square cross section gaeometry irradiated in JUTR at 300°C to about 0.01 dpa.” The
one third sized specimens included precracked™ and unprecracked” conditions. Therefore, the most
meaningful comparison for these differences in crack tip geometry is change in ductile to brittle
transition temperature (DBTT) due to irradiation.

The effect of irradiation on DBTT is summarized in Table 3 and Figure 2. DBTT measurements, based on the
temperature at half the difference between lower and upper shelf Charpy impact energies, are for one third
size unprecracked miniature Charpy specimens before and after irradiation at 365C to about 7 dpa, one
third sized precracked miniature Charpy specimens before and after irradiation at 420 to about 12 dpa, and
1.5 mm specimens before and after irradiation at 300°C to approximately 0.01 dpa. Table 3 includes control
and irradiated specimen results for DBTT and upper shelf energy (USE), shift in DBTT, and decrease in USE.
The lowest values for irradiated DBTT and shift in DBTT are found for the 7 to 9 @ alloys.

An example of the Charpy data is shown in Figure 2, where DBTT is plotted as a function of dose and
arranged according to @ content. The 2 Cr steels are shown in Figure 2a, the 5 to 9 Cr steels in Figure
2b, and the 12 Cr steels in Figure 2c. Open symbols are used to denote unirradiated response at 365 and
427°C and closed symbols to denote behavior following irradiation at 300°C. From Figure 2, it is apparent
that the 5 to 9 Cr steels have better resistance to irradiation than the 2 or 12 Cr steels. The shift in
DBTT due to irradiation was much smaller and, as can be shown from Table 3, the initial USE were similar.
The shifts in DBTT for the 24 Cr and 12 Cr stabilized steels were much larger, and for the 2 Cr steel in
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Table 2. Summary of tensile properties in low activation ferritic alloys following irradiation (from
references 18, 19, 20 and 28)
N Control Postirradiation Change*
Alloy ode | o uTsS Elong. Cond. lod uTS Elong. g, UTS  Elong.
(MPEY  (MPa) (%) |{°C/dpa) (MPA) (MPa) (%) (fraction)

2Cr-0.5V L 785 901 13.9 |420/8 1248 1279 8.3 1.59 1.42 0.60
*" lagoz44 1992|1014 (7.6  |1.26  |1.13  10.55
i " 585/39 |204 319 »>32.5 10.26 0.35 >2.34

2Cr-1.0V L2 312 555 26.7 |420/12 1055 1086 8.1 3.38 1.96 0.30
" 420/43 [1110 {1121 8.0 3.56 2.02 0.30

' 585/14 |146 351 38.9  |0.47 0.63 1.46

| ' 585/39 |204 319 >32.5 10.65 0.57 >1.22

2Cr-1.5Y L3 297 477 24.4 |420/8 706 755 6.1 2.38 1.58 0.25
" 420/44 Failed @119 MPa, 0.17% Strain 0 . 37 0 s 00

" |sgs/14 |180 367  [25.7 |0.61  [0.77  }11.05

" 585/37 {199 346 16.4 |0.67 0.73 0.67

25CrV 649 723 12.0 [365/7 950 980 6.2 1.46 1.36 0.52
2LCr-1WY 643 733 12.3 |365/7 924 960 7.5 1.43 1.31 0.61
2%Cr-24 509 618 13.7 |365/7 773 798 8.8 1.52 1.29 0.64
25Cr-2WV 606 693 12.7 |365/7 789 811 7.8 1.30 1.17 0.61
5Cr-2WY 537 645 13.0 |365/7 730 171 9.1 1.36 1.20 0.70
8Cr-2WVTaB 82H 679 811 5.0 |365/7 697 780 6.9 1.03 0.96 1.38
" 405/36 |671 764 7.8 0.99 0.94 1.56

" 550/37 [470 717 9.5 0.69 0.88 1.50

" 670/28 [253 442 24.8  |0.37 0.54 4.96

1 " 750/37 [213 355 28.3 |0.31 0.44 5.66

9crv L4 566 665 15.7 1420/12 1660 698 12.0 1.17 1.05 0.76
" 420746 [550 626 16.1 0.97 0.94 1.03

i 585/14 |310 460 22.7  |0.55 0.69 1.45

] ’ 585/37 |348 491 23.9 |0.61 0.73 1.52

9Cr-2Mn¥ LS 582 675 15.8 |420/10 [599 677 16.9 1.06 1.02 1.08
" 420/46 1544 652 18.6 0.93 0.97 1.18

" 585/14 |343 419 33.5 ]0.59 0.62 2.12

) " 585/35 |348B 542 32.2 0.60 0.80 2.05

8Cr-iMn- 1V L6 566 722 15 |420/12 |622 730 15.9 1.10 1.0l 1.06
" 420/43 |58l 718 18.6 1.03 0.99 1,24

" 585/14 1367 562 30.2  |0.65 0,78 2.01

i i 585/35 362 597 28.9 |0.64 0.83 1.93

9Cr- 1 L7 716 587 15.8 1420/10 |[608 714 15.8 [1.04 1.00 1.00
" 420/43  |564 693 19.1 0.96 0.97 1.21

| " 585/39 |463 626 25.9 |0.79 0.87 1.64

9Cr-2WY 659 549 12.3 [365/7 710 764 10.2 1.29 1.16 0.83
GCr-2WVTa 652 544 12.3 |365/7 669 732 10.8 1.23 1.12 0.88

eCr-1WV7a 503 634 265/.1 |583 679 1.16 1.07

9C+-3WVTa 483 666 16.2 |285/.1 |588 705 13.1 1.22 1.06 0.80
aCr-1V 440 580 18.5 [300/.004 560 640 14.0 |1.27 1.10 0.76
9Cr-ZWMnVTaTi* 510 611 18.8 |420/33 [538 708 15.0 1.05 1.16 0.85
! 520/35 |481 7122 18.9 0.94 1.18 1.01

" 600/35 565 715 15.2 1.11 1.17 0.91

3Cr-ZWMnVTaTiB* 505 602 17.2 }420/33 |525 729 15.6  [1.04 1.21 0.91
" 520/35 |483 690 15.4  [0.96 1.15 0.90

| i 600/35 |460 733 17.8  [0.91 1.22 1.03

12Cv-6Mn-1W L9 1002 10.1 822 |420/8 848 942 14,7 1.03 0.94 1.46
' 420/44 |684 853 16.1 0.83 0.85 1.59

i 585/14  |531 749 19.4 |0.65 0.75 1.92

) ) 585/37 [449 744 21.2  10.55 0.74 2.10

12Cr-2Wv 657 ] 13.0 522 |365/7 857 885 8.0 1.64 1.35 0.62

irradiated pro
From Dr. Hiroal

one case, the DBTT following irradiation was above the capability of the test apparatus. The tabulation

y) / (contrnl propert} _ .
urishita, Curai Branc , Tohoku University, Oarai, Japan

of

results in Table 3 demonstrates that the 7 to 9 Cr steels exhibited shifts in DBTT due to irradiation of 4
it was 1o3°cil

1o 68°C
develope

reasonable levels.

and _for the 5 Cr steel
shifts on the order of 200°C.

In a

whereas the 2 Cr steels and 12 Cr stabilized steels
cases where results were obtained, the USE was at
Therefore, based on DBTT response, the 7 to 9 Cr alloy class is superior.



162

1000 :
\ 420°C
™ 365°C
%; \
- \ 585°C
=) O— — — -0
| g
@
=
[45]
2
‘@
C
2 500
L
[1+]
E
S
2 Cr | 5-9 Cr 12Cr
[ 1 |
0 20 40 0 20 40 0 20 40
39208109.2

Dose {dpa)

Fig. 1. Ultimate tensile strength as a function of dose for (a) 2c+, (b) 5 to 9 Cr, and (c¢) 12 Cr reduced
activation steels.

Fractography

Fractographic examinations have been performed on several of the specimens for which results are shown in
figure 2. The examinations revealed that in several cases, the brittle fracture mode changed from
transgranular cleavage to intergranular fracture as a result of irradiation. However, ductile failure
remained transgranular. For the 7 Cr alloy, brittle fracture in irradiated specimens remained
transgranular, whereas in the 9 Cr alloys, containing manganese, the fracture mode changed from
predominantly brittle transgranular cleavage in unirradiated specimens to predominantly inter?ranular
fracture following irradiation. Therefore, although the Charpy response in these alloys was little
affected by irradiation, a change in fracture mode did occur, an indication that irradiation weakened grain
boundary cohesion in comparison with the grain interiors. For 12Cr-¥n-1¥ and 12Cr-6Mn-1WY Steels, brittle
failure was by transgranular cleavage irradiated specimens, but following irradiation, brittle failure was
due to failure at grain boundaries. There, grain boundary decohesion was responsible for degradation of
the 0DBTT. However, the observation that no change in fracture mode occurred for the 7cr-24 alloy (with the
highest tungsten contenti indicates that excess tungsten is probably not responsible for the change in the
12 Cr alloys. A more likely explanation is that manganese additions are responsible, as has been shown in
a similar alloy series.”

Microstructure

Microstructural examinations have been performed on reduced activation ferritic alloys following
irradiation at temperatures from 365 to 600°C to doses as high as 115 dpa. The specimen matrix consisted
of alloys L1 to LS irradiated at ~420°C to 9.8, 43.3 and 114.2 dpa, at 520-C to 14.4 dpa and at 600°C to
33.8 dpa''*'?; alloys GA3X and GA4x following irradiatign at 355°¢c to 11.3 and 34 dpa, at 426°C to 33.5 and
103 dpa, at 520°C to 33.8 dpa, and at 600°C tg 33.8 dpa”*’; and alloy F824 irradiated at 365°C to 6.7 dpa
and 405, 550, 670, and 750°C to about 35 dpa.-® Examinations have shown that reduced activation ferritic
alloys are affected by radiation over the full range of temperatures examined. Following irradiation at
365 and 420°c, dislocation evolution and precipitate development were found, and several examples of
irradiation-induced void swelling were identified. Following irradiation at 520-c, effects of irradiation
were not as apparent, but examples of void swelling and precipitate coarsening could be identified.
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Table 3. Summary of DBTT behavior in low activation ferritic allow following irradiation at 365°C to -10
dpa (from references 23, 24, and 25).

Control Irrad. Shift Control Irrad. % Decrease
Alloy Condition DBTT in DBTT USEd USE( in USE
Code—t(°C/dpa) — 0BT - (C) (°C) (J/cm") {J/cm) (J/cm’)
2Cr-1.5vV L3 365/11.3 (169 >250 na 308 na na
24CrV 365/7 14 250 236 10* 4.2*% 58
25Cr-1wWV 365/7 -28 192 220 11.8% 5.6% 53
2%Cr-2W 365/7 -19 140 159 g.2% 4. 6% 50
24Cr-2Wy 365/7 4 111 107 g.1%* 5.2% 43
2%Cr-2WV JLF-4 300/.01 -53 -52 1 .93% .8ax* 5
5Cr-2WV 365/7 -70 33 103 9.2* 6.5 29
TCr-2WV JLF-3 300/.01 -103 -61 42 .92+ .94+ -2
7.5Cr-2W GA3X 365/10.5 -24 0 24 405 345 15
9Cr-1V L5 365/12 -44 18 62 280 239 15
9Cr-1W L7 365/12 12 44 32 370 330 11
9Cr-2WY 365/7 -60 8 68 8.4* 6.4% 24
9Cr-2WVTa 365/7 -88 -84 4 11.2*% 3.6% 23
9Cr-2WVTa JLF-1 3006/.01 -106 -84 22 L97* .92* 5
9Cr-2WVTaTi JLF-2 300/.01 -67 -37 30 .93* .B9* 4
12Cr-6Mn-1V L8 ie5/12 i0 200 190 201 201 0
12Cr-6Mn-1W L9 365/12 -52 165 217 219 219 0
12Cr-2WV 367/7 -18 156 174 8.3* 5.9% 29
12Cr-2WVTa JLF-5 300/.01 -66 -38 28 .B5% .B4* 1
12Cr-2WVTaTi JLF-6 300/.01 -59 4 63 LT9* .68* 14

na : not av lable .
: not nor lired to c¢m “boundaries

Finally, following irradiation at 600°C and above, coarsening of both precipitate and Martensite lath
structures was found.

Results at 365 to 420°C

Microstructural development at 365 and 420°C varied as a function of composition. Most notable was fine
M.,C, precipitate development and void formation in 2Cr-V alloys; void formation in 7 to 9 Cr alloys; and e’
preC|p|tate development, intermetallic precipitation,. and carbide coarsening in 12 Cr alloys.

Examination of 2Cr-V alloys following irradiation at 420°C showed extensive precipitation of rod shaped
particles on the order of 25 nm long and 3 im in diameter, and a<100> perfect dislocation loop formation
[approximately 40 nm in diameter) even at doses alsg1ow as 10 dpa.'® The precipitate contained equal
proportions of Vv and Cr and modest amounts of Fe. These microstructural changes were undoubtedly
responsible for the large increases in strength observed in the alloy class following irradiation at 420°C.
Swelling response is very sensitive to the amount of V present; for levels of 0.5 and 1.0 V, negligible
swelling was found but, for 1.5 Vf extensive swelling developed. Void formation was noted at fluences as
low as 10 dpa in the 1.5 V alloy. ¥ Therefore, void swelling resistance is imparted by additions of 0.5 to
1.0 V, probably due to precipitation, but when the additions are too high, swelling resistance may break
down.

In comparison, 7 to 9 Cr alloys were more resistant to precipitation but less resistant to void swelling.
Examples of behavior in 3Cr-1V (alloy L6) and 9Cr-1WV (alloy L7) following irradiation at 420°C are shown
as a function of dose in Figures 3a through f. Voids were not found in the 9Cr-1WV alloy following
irradiation to 10 dpa (Figure 3d) but can be seen under all other conditions. With continuing irradiation,
the dislocation structures evolve from loop dominated structures to network structures, to structures
consisting of dislocation line segments connected to voids. Increasing the level of W to 2 percent does
not change microstructural response significantly and, in the 7.5Cr-2W [alloy GA3X}, behavior at 365°C is
similar to that at 420°C but on a finer scale. Examples are provided in Figures 3g and h, which show void
swelling in 7.5Cr-2W [alloy GA3X) following irradiation at 420°C to 33.5 and 103 dpa. Figure 3g and h can
be compared with figure 3e and f to show that additions of W at levels of 1 or 2 percent do not
significantly alter swelling incubation. The differences that are evident can be ascribed to differences
in dose. figures 3i and j give microstructural examples for F82H irradiated at 365°C to 6.7 dpa and at
405°C to 35.8 dpa, respectively. Swelling is higher following irradiation at 405°C to higher dose. Most
evident from Figure 3 is the similarity in response for these 7 to 9 Cr reduced activation ferritic steels.
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Fig. 2. Ductile to brittle transition temperature as a function of dose for (@) 2¢r, (b) 5to 9 Cr, and
{c) 12 Cr reduced activation steels.

The 12 Cr alloys were found to represent an_intermediate case. Void swellin? was found to develop after 40
dﬂa; after 115 dpa, swelllnﬁ was extensive in the 12¢»-1v (alloy L8) but still in the incubation stage in
the 12¢r-1wv (alloy L9). The precipitate structure included a fTine distribution of equiaxed particles on
the order of 10 nm”in diameter, which were nonuniformly distributed from one Martensite lath to the next.
The precipitate was present after 15 dpa and remained stable with only minor coarsening to higher dose. It
has ﬁen |de8t|f|ed assgn'r1ch a” based on dark field imaging characteristics and similarities to behavior
in other 12 Cr steels.™

Results at 520-°C

Following irradiation at 520°c, the alloys were found to be relatively unaffected by irradiation. No void
swelling was observed in Bainite or Martensite, and only a few examples of irradiation-induced dislocation
loops were found. The exception, a 10cr-1w alloy (GadX) with negligible carbon and therefore containing
mainly delta ferrite, where void and dislocation evolution was found near grain boundaries and where volds
were generally elongated and associated with precipitate particles. In general, the carbide structure
present prior to irradiation was retained.

However, compositional analysis of extracted particles revealed unexpected phases and carbide compositions.
The 2(r-0, 5V allog developed a dominant precipitate ﬁhase equally rich in f2 and Cr with minor additions of
V. Also, 9 and 12 Cr alloys containing W developed M,.c, precipitates with W levels in the range from 10 to
20 percent. The observation of void formation 10Cr-1§ may indicate that W additions can enhance void-
swelling behavior at higher temperatures such as 520°C,

Results at 600°C

All alloy microstructures were altered considerably due to irradiation at 500°C. The major effect was _
rearrangement of Martensite lath boundaries into more equiaxed subgrain structures with concurrent carbide
and subgrain coarsening. This coarsening was undoubtedly responsible for observed losses_in strength.
However, alloys containing high mn had developed fault structures, often in regions containing carbides.
These structures were more prevalent in 12cr-1wy. The faults are believed to be stacking faults in
austenite, and therefore austenite is believed to form during irradiation at a30°C. This explanation



Fig. 3. Examples of void swelling in irradiated 7 to 9 Cr reduced activation ferritic alloys: 3Cr-1V
irradiated at 420°C to (a) 9.8, (b} 43.3, and (c) 114.2 dpa; 9Cr-1¥V irradiated at 420°C to (d) 9.8, (e)
43.3, and éf) 114.2 dpa; A3X 1rradiated at 420°C to (g) 33.5 and (h) 103 dpa; and F32H irradiated (i) at

365° to 7 dpa and (§)at 405°C to 35.8 dpa.
indicates that Mn additions on the order of 6 percent have the added disadvantage of lowering the Ac,
temperature (the temperature at which austenite forms on heating) to below §00-C.

. .

Although only a small fraction of the alloy compositions listed in Table 1 have been tested or examined
following fast neutron irradiation, sufficient information has been obtained to provide reasonable
prediction of ﬁerformance for each of the alloy classes. The important results obtained can be summarized
as follows. The 2cr-1v alloy class is |nhergntl¥ susceptible to precipitation hardening fgIIQW|n%_
irradiation at 42¢-¢ and to excessive softening following irradiation at 585-c, Similar_difficulties are
indicated for 2cr-% alloys based on data for irradiation hardening and DBTT shift, but microstructural
verification is not yet available. However, creep properties for 2¢r-¥ alloys are encouraging and may
indicate better high temperature stability and therefore a larger application window.

The 12 Cr alloys that are stabilized with additions of Mn can also be eliminated as potential reduced
activation fusion alloys. Although tensile properties are generally better than those in lower Cr alloys,
impact properties are sufficiently degraded following irradiation to cause concern. Also, formation of
austenite and intermetallic chi phase in such alloys, and reduced weldability,*' indicate that Mn additions
to 12 Cr steels do not offer a viable composition range for reduced activation steels.

Insufficient information is available to provide prediction of behavior for 12 Cr alloys stabilized with
carbon. Carbon levels on the order of 0.2 percent are possible, giving good tensile and high temperature
properties. Imgact properties following irradiation are of most concern. Tests are being initiated on an
|mp[?ved heat of Gadx, 11Cr-2.8WV with 0.15¢, but it will still be a year or two before results are
available.

The 7 to 9 Cr alloys appear most promisin% for reduced activation fusion reactor applications. The alloys
have good tensile and impact properties, both prior to and following irradiation, good resistance to phase
instability during irradiation, and sufficient high temperature strength. The example of scr-2w alloys
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with similar postirradiation ultimate tensile strengths irrespective of irradiation temperature from 420 to
600°C is very encouraging. ~ This alloy class is expected to be sufficiently corrosion resistant. The major
detriment to its use 1s void swelling and the resultant degradation in irradiation creep resistance. ]
However, dimensional changes due to irradiation-induced swelling in ferritic alloys are expected to remain
small because swelling rates are so Tow,*” and therefore swelling resistance is not expected to be a major
consideration for these alloys. Irradiation creep response with accompanying swelling is also acceptable.
Comparisons between Vv and W alloying additions indicate that higher W levels are superior. In fact,
results to date indicate that | Tevels on the order of 2 percent are very effective. Concerns about phase
instability, such as Fe-Cr-W chi phase formation, have proven to be groundless up to doses on the order of
100 dpa.”®" Therefore, the most promising composition developed to date appears to he 7 to 9 Cr-2Wv.

CONCLUSIONS

A broad range of reduced activation ferritic alloys is possible. Reduced activation Bainitic alloys in the
Fe-2Cr composition range, martensitic alloys in the Fe-7 to 9Cr range, and stabilized martensitic alloys in
the Fe-12Cr range have been successfully fabricated and are_undergoin _|nternat|onal_tgst|n%. However,
irradiation significantly degrades the proEert|e§ of Bainitic and stabilized martensitic alloys. Bainitic
alloys containing vanadium develop severe hardening due to irradiation-induced precipitation at
temBeratures below 450°C and extreme softening due to carbide coarsening at tem?eratures above 500°C.
Stabilized martensitic alloys that rely on manganese additions to provide a fully martensitic
microstructure_ are embrittled at grain boundaries following irradiation, Ieadin% to severe degradation of
impact properties. The most promising composition regime appears to be the Fe-7 to 9 Cr range with
tungsten additions in the 2 percent range, where hi%h temperature mechanical properties and microstructural
stability are retained and impact pro?erties are relatively unaffected by irradiation. The higher void-
swelling behavior observed in these alloys and the resultant increase in irradiation creep response are not
expected to be major problenms.

FUTURE WORK
This work is a continuing effort.
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MECHANICAL PROPERTIES OF MARTENSITIC ALLOY AISI 422 - M. L. Hamilton, (Pacific Northwest Laboratory)?,
f. H. Huang, and W. Hu (Westinghouse Hanford Company)

OBJECTIVE

The objective of this study is to provide insight on the factors controlling radiation-induced
embrittlement of ferritic steels.

SUMMARY

HT9 Is a martensitic stainless steel that has been considered for structural applications in_liquid metal
reactors (LMRs) as well as in fusion reactors. Aisl 422 is a commercially available martensitic stainless
steel that closely resembles K79, and was studied briefly under the auspices of the us. LMR program.
Previously unpublished tensile, fracture toughness and_c_arpr impact data on AISI 422 were reexamined for
potential insights into the consequences of the compositional differences between the two alloys,
pgrtlcuéatly with respect to current questions concerning the origin of the radiation-induced embrittlement
observed in HT%.

PROGRESS & STATUS
Introduction

HT$ is a martensitic stainless steel that has been considered for structural applications in liquid metal
reactors (LMRs) and is currently under consideration for similar applications in fusion reactors. The U.s.
LMR program was interested in establishing the properties and irradiation-induced changes in behavior of an
American alloy that cIoseI¥ resembles HT9, referred to as AISI 422._ Only a fraction of the work originally
proposed under the u.s, LM Brogram was completed prior to the termination of the program. Ous to the
similarities_in composition between HT3 and 422, however, and the fact that HTs exhibits irradiation-
induced embrittlement the source of which is not completely understood, it appeared that reexamination of
the AIST 422 database established under the LMR program might provide some useful insights into the post-
irradiation embrittlement of this class of alloy.

Backsround

AISI 422 is also referred to as Carpenter 636, AISI 616 and Unitemp 1420 WM. It is a hardenable steel that
was designed for service at temperatures up to 650°C. It is a modification of AISI 420, with additions of
nickel, molybdenum, tungsten and vanadium to improve the elevated tem?erature_strength and resistance to
stress corrosion cracking.[1,2] The composition of the LMR heat of AISI 422 is compared to that of a
typical LMR heat of 4TS In Table 1. Note that relative to HT9, AISI 422 contains 60% more manganese, 30%
more silicon and nickel, and more than double the amounts of phosphorus and tungsten.

It is well known that martensitic stainless steels such as HT9 can exhibit significant embrittlement
following irradiation, particularly at temperatures on the order of 350 to 385°C, where a pronounced

Table 1. Compositions of AISI 422 (heat 20818) and HT3 (heat 91353).
ALLOY C Mn Si P Cr Ni Mo v W
HT? 0.21 0.49 0.22 0.008 11.97 0.57 1.03 0.33 0.52
422 0.22 0.80 0.29 0.018 11.79 0.80 1.05 0.29 1.16

increase in strength occurs. It is not well understood, however, whether the embrittlement arises
primarily from the helium-induced cavities or the preciﬁitation that develoES during irradiation. Both
factors are related to the level of nickel present in the alloy, and as such are very difficult to separate
clearly. The purpose of this work was therefore to use the slight compositional variation between H79 and
AISI 422 to glean some insight into the behavior of HT$ following irradiation.

“Pacific Northwest Laboratory is operated for the U.S. Department of Energy by Battelle Memorial
Institute under Contract Df-AC0s-76RL0 1830.
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Experimental Procedure

Pl
A 9i-inch (241.3 mm) long piece of 5%-inch \37 _ g 3
(535.35 mm) diameter AIS? 422 bar stock was /(///°8“Ma*
purchased in_a normalized and tempered |

condition. The original ingot, produced by

MTech Specialty Steel, was melted in an e |
electric_furnace and refined by argon-oxygen
decarburization (40). A f-round piece 0

the bar was rolled to two thicknesses (% and
1/8 inch 16.35 and 3.18 am]) with
intermediate heat treatments similar to those
used for processing HT9. The final heat
treatment for both thicknesses comprised
austenitizing at 1¢38<C for 5 minutes and

tempering at 760°C for 30 minutes. Both 279 DA
treatments were followed by an air cool. The - - -
final tempered martensite structure had an —

ASTM grain size of about 8 and a Vickers
hardness of about 298 DPH (500 g load). No
delta ferrite was present In the heat treated
AISI 422 microstructure, whereas HT9
generally contains about 1% delta ferrite at
prior austenite grain boundaries.

6.86 1 5.08
Miniature (%-size) charpy specimens were ‘\\\\\“&
machined from the thicker sheet stock, while
miniature tensile and compact tension —f 254}
3ﬁe0|mens were machined from the thinner
sheet stock according to the drawings given
in Figure 1 _and_in the orientations given in
Figure 2. Tensile specimens were tested in
the unirradiated condition only at
temperatures _ranging from 25 to 540:C and a
nominal strain rate of 1.5 X 107" s™.

3.07 -
;;\\\\\\\ = o
5»/””’ - - -

Compact tension specimens were irradiated in ¢

the Fast Flux Test Facility at -400 and — 10.80

~540°C but were tested only in the —{ 38t p— o

unirradiated condition, at temperatures 6.35R n

ranging from 25 to 427¢C, using a single 0764 o e

specimen electropotential technique. Charpy ' i - T\\\\ 5 NS -

specimens were irradiated at ~400°C in a ags i) X O

precracked condition to a fluence of -4 x | 2wl T \ TN L

10% n/em® (€ > 0.1 MeV), or about 17 dpa. f /

Impact tests were_performed on both \ ,/’//

irradiated and unirradiated specimens in an _ \’///,/

instrumented drop tower. The fracture energy 1.91 diam. .

was normalized against the area of the The widths 10 be ray e I aracters

fracture surface. The ductile-brittle ;gngxggﬁﬁigemﬂ ident No. furnished

transition temperature (DBTT) is determined uniforin slope between by user. {both ends)

as the midpoint between the upper shelf (USE) D e dereut not

and the lower shelf. More details on each of

the test techni?ues, demonstrating their i i i o i 39210057.1

validity as applied to miniature Specimens, Fig. 1. Dimensions of miniature AISI 422 specimens. _(top)

are given in references 3-5. Charpy impact specimen, (middle) Compact tension specimen,
and (bottom) Tensile specimen. ~All dimensions are given iIn

Results and Discussion mm .

The tensile data obtained on AISI 422 are shown in Figure 3 in comparison with similar data on H1g. It is
eV|ggnt that AISI 422 is slightly stronger and somewhat more ductile than HTS in the unirradiated
condition.

The fracture toughness data obtained from the compact tension specimens of unirradiated AISI 422 are shown
in Figure 4 in comparison with similar HT9 data. The toughness of AISI 422 is higher than that of HT9,
although it should be noted that the tearing modulus is 20 to 40 percent lower In AISI 422, depending on
the test temperature, ranging from 95 at 70°C to 81 at 427-C.

The impact behavior of unirradiated AISI 422 is compared to that of €79 in Figure 5. While the two data
sets appear to be very similar at first glance, it should be noted that the orientations and heat
treatments of the two types of specimens are different. While the AISI 422 specimens were fabricated from
rolled sheet in the TL orientation, the HT9 specimens were fabricated from forged bar in the CR
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30210057.2
Fig. 2. Orientation of miniature AISI 422 specimens relative to the rolling direction. The tensile

specimen axis was parallel to the rolling direction. Compact tension and charpy impact specimens were
fabricated in the TL orientation.
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Fig. 3. Tensile data on unirradiated AISI 422 compared with similar HT9 data. (a) Strength and (b)
Ductility.

orientation. The difference between these two orientations is shown in Figure 6. The orientation of the
crack front and the direction of crack propagation are parallel to the rolling direction in the TL AIS] 422
specimens, while they are perpendicular to the working direction in the CR HT9 specimens. In addition, the
HTS bar from which the specimens were machined was in a slightly different condition than that of the AISI
422 sheet, a mill annealed condition that comprises normalization at 1150°C for more than one hour followed
by hot working and tempering at 750°C for 1 hour.

The similarity between the HT9 and AISI 422 impact data in the unirradiated condition i s somewhat
surprising in light of the differences in delta ferrite level and the fact that the AISI 422 is stronger as
well as tougher. The orientation difference is the only factor than could account for the similarity,
since the difference in heat treatment is relatively minor. The CR orientation could be considered as
approximating a crack arrest geometry, particularly in the presence of delta ferrite stringers in HT9,
whereas the TL orientation could be considered as approximating a crack divide geometry, where the crack
might be divided along prior austenite grain boundaries.

The similarity between HT9 and AISI 422 is maintained when both are irradiated at similar temperatures to
approximately the same neutron exposure, as shown in Figure 7. The HT® specimens were actually irradiated
at ~390°C,[7]1 but the difference between 390 and 400°C is minimal relative to the uncertainties in
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125 irradiation tem fraturze. The HT9 specimens were irradiated

only to -3 x 10°° n/em® | but since it has been demonstrated that
the shift in DBTT saturates at about fast fluences of 2-3 x
10% n/cm2 inthis temperature range,[6] the HT9 and AISI 422
data are considered comparable.

10 422 ]
The data in Figure 7 indicate that the two alloys exhibit the
same shifts in DBTT and USE independent of the orientation
differences. The data also imply that a small amount of delta
ferrite has no effect on the irradiation-induced shifts in DBTT
and USE.
75 |- -
Other data are available, however, on HT9 specimens in the TL
JlC orientation.[8] These data are shown in Figure 8, and indicate
kJ/m2 that, while the shift in DBTT and USE are slightly worse in the
HT 9 CR than In the TL orientation, the difference between
50 |~ 7 orientations is small relative to the effect of irradiation

itself. Since the data suggest that there is no orientation
dependence in the irradiation-induced shifts in DBTT and USE,
and since both HT9 (CR) and AISI 422 (TL) exhibit similar
shifts in DBTT and USE, one can surmise that the difference

25 - between HT9 (TL) and AISI| 422 (TL) in the irradiated condition
reflects a difference in the original condition of the
materials rather than an effect of radiation, i.e., DBTTHTQ(TL] <

DBTTWHL) for unirradiated material.

0 | { | |
) 100 200 300 400 500 CONCLUSIONS

Temperature (*C) AlISI 422 to b d [ HT9 the basis of
: appears to be as good an alloy as on the basis o
E%%Frgdia{:ergclitljg? L,%szgtlgsnssarggt\?vi?ﬁ its strength and fracture toughness properties, but the impact
similar HT9 data P behavior of AISI 422 does not appear to be as good as that of
: HT9 when orientation differences are taken into account. In
addition, the impact behavior of AISI 422 (TL) is worse than
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Fig. 5. Impact data on unirradiated AlS| 422 (TL) compared with HT2? (CR) data

that of HT9 (TL) following irradiation to a saturation fluence. With the mixture of positive and negative
results, it is not really possible to draw firm conclusions concerning the effect of composition on

irradiation-induced changes in behavior, and no real insights can be obtained concerning the origin of the
irradiation-induced embrittlement observed in HT9. It is possible, however, to specify that the effect of
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Fig. 6. Orientation differences between charpy specimens of AISI 422 (TL) and HT9 (CR).
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Fig. 8. Additional HT9 charpy impact data, in the TL orientation.

radiation on this class of steel is a general phenomenon, albeit one that is influenced by the details of
processing procedures and irradiation environment.

FUTURE WORK

This effort is complete.
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6.2 Austenitic Stainless Steels

(no contributions)
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6.3 Refractory Metal Alloys
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STATUS OF THE DYNAMIC HELIUM CHARGING EXPERIMENT (DHCE)* - 6. A. Loomis and D. L. Smith (Argonne
National Laboratory). H. Matsui (Tohoku University), M. L. Hamilton (Pacific Northwest Laboratory), K. L. Pearce
(Westinghouse Hanford Company), J. P. Kopasz and C. E. Johnson (Argonne National Laboratory), R. G. Clemmer and
L. R. Greenwood (Pacific Northwest Laboratory).

OBJECTIVE

The objective of this experiment is to provide baseline irradiation data on the effects of concurrent helium
production and neutron irradiation on the physical and mechanical properties of vanadium alloys. Effects of helium
production and irradiation on the alloy microstructures will also be characterized.

SUMMARY

This report summarizes the status of the DHCE in FFTF-MOTA, the preparations for retrieval of specimens from
the irradiation capsules, and experimental results on procedures for the removal of tritium from the irradiated speci-
mens.

PROGRESS AND STATUS
Introduction

The DHCE experiment is designed to enhance helium production in vanadium alloys during irradiation in the
FFTF-MOTAto simulate the simultaneous production of helium and irradiation damage (dpa) that is anticipated in a fu-
sion device. Irradiation of vanadium-base alloys in the FFTF reactor results in the production of helium at a very low
rate (=0.02 appm per dpa) by fast neutron {n, a) reactions. However, the ratio of helium productionto irradiation dam-
age (dpa) in fusion reactors will be =5 appm per dpa due to the presence of 14 MeV neutrons. Since helium may influ-
ence the evolution of the irradiation-damage microstructure in alloys and. therefore, exacerbate swelling and irradiation
hardening of vanadium alloys, simulations in the absence of a 14 MeV neutron source are necessary to assess the ef-
fects of concurrent helium production and irradiation damage on physical and mechanical properties of the alloys. In
the DHCE experiment, helium is produced by the decay of tritium, which is dissolved uniformly in vanadium alloy speci-
mens during irradiation. A detailed description of the DHCE experiment is presented in Ref. 1, and initial trittum load-
ing, lithium isotopic ratio, and helium pressure data are presented in Ref. 2 The alloy compositions and types of speci-
mens irradiated in this initial experiment (DHCE-i) in MOTA-26 are listed in Ref. 3.

In this report, we presentthe status of the DHCE-I irradiation in MOTA-26 and preparations for retrieval of spec-

imens from the irradiation capsules. Also, experimental results are presented on procedures for removal of tritium from
the irradiated specimens.

Irradiation Status

The irradiation of DHCE-I (in MOTA-26) commenced on May 27, 1991 and was concluded on March 19, 1992
with operation of the FFTF for 203.3 effective full power days (EFPD) at a nominal power level of 291 MW. The reactor
operation schedule during this period (5/27/91 to 3/19/92) is shown in Table 1. This schedule of reactor operation re-
sulted in =25 dpa of irradiation damage. The current FFTF schedule indicates that MOTA-26 and the DHCE-I speci-
mens will remain in the FFTF until September, 1992, even though the reactor is in "standby" mode of operation. The
temperature of MOTA-26 is 210-215°C in this FFTF "standby" mode. In order to minimize the production of helium in
the V alloy specimens after conclusion of irradiation, it is important to retrieve the specimens as soon as possible be-
cause of tritium decay to helium. Based on the current FFTF schedule, processing and removal of the irradiation cap-
sules in MOTA-26 is not expected to commence until October, 1992. Therefore, specimens will not be available for ex-
periments until January, 1993. If this schedule for processing and removal of specimens is realized, the ratio of helium
concentrationto irradiation damage will increase to > 12 appm per dpa.*

Retrieval of Specimens from Capsules
The irradiated DHCE-I capsules (7) will contain 20-100 Ci of tritium. It is expected that the tritium will be appor-

*Work supported by the Office of Fusion Energy, U.S. Department of Energy, under Contract W-31-109-Eng-38.
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Table 1. FFTF operation (291 MW) for DHCE-I. tioned between the vanadium alloy specimens (=30%) and the
lithium (~70%) .The capsules will be opened for retrieval of
Cycle Operation Period EEPD specimens in the Low-Level Irradiated Materials Laboratory in
o Bldg. 212 at Argonne National Laboratory. Standard procedures
for opening of TZM irradiation capsules and retrieval of speci-
12A-1 5/27/91 - 7/20/91 528 mens {i.e., dissolution of lithium in liquid NH;) will be modified to
12A.2 7/30/91 - 9/21/91 48.6 include a secondary containment of the capsules during opening
128-1 11/21/91 - 1/15/92 50.3 and lithium dissolution so that the tritium can be collected and/or
128-2 1/26/92 - 3/19/93' 51.6 released at a rate in accordance with DOE and ANL guidelines.
Total 2033 Tritium Removal from Irradiated Specimens

The dependence of evolution of hydrogen from V-10Ti

and V-5Cr-5Ti alloys on annealing temperature and on annealing
time at 375-400°C in vacuum (=107 torr) is shown in Figs. 1 and 2, respectively. The hydrogen concentration in the
specimens was determined from the partial pressure of hydrogen that was evolved on heating a specimen & the rate of
15°C/min from 25°C to 1000°C (Ref. 5 contains additional information on this procedure). The evalution of hydronen,
from these specimens was most pronounced at 300-550°C. The anneal of the V-10Ti aIon at 375°C for 1 h reduced the
hydrogen concentration to 1295 appm, whereas the anneal of the V-5Cr-5Ti alloy at 400°C for 1 h reduced the hydro-
gen concentration to 180 appm.
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The TEM and tensile specimens retrieved from the DHCE-I capsules are expected to contain 1400-6600 appm
tritium depending on the tritium distribution coefficient {k,,} for the capsule contents? The data shown in Figs. 1 and 2
suggest that the tritium concentration in the irradiated specimens can be reducedto <100 appm by annealing & 375-
400°C for =2 h in vacuum. This post-irradiationanneal for tritium removal is expected to have an insignificant effect on
the irradiation-produced microstructure, swelling, and mechanical properties of the alloy specimens?

FUTURE EFFORT
A document that presents detailed proceduresfor the removal of specimens from the capsules and the removal

of tritium from the specimens as well as precautionary procedures against the inadvertent release of tritium will be
prepared for approval by cognizant groups.
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